Equations of State 


Chemistry is an experimental science, and the ability to describe chemical phenomena in terms of 
xperimentally measurable variables isa key component of the field. For many systems, the relationship between 
hysical variables provides a vital ability to infer information without measuring every possible iyaieal variable 
A mathematical relationship that characterizes the system (and state of the system) is referred site equation of 
state. 


e 


The equation of state relates the pressure, tem 
variables are particularly relevant for gas phase s 
change with changes in these variables. 


perature and volume of a system. Observable effects of these 
ystems because of the extent to which the state of a gas may 


The equation of state of an ideal gas is given by one of the more recognizable equations in all of science, 
PV= nRT, 
There are a number of simpler, qualitative relationships summarized by this equation, including the historical gas 
laws relating variables in pair-wise fashion. Thus, for example, Boyle’s Law, which states that pressure and j 


volume are inversely proportional for a gas is contained within this equation (by holding the temperature and 
amount of material constant.) 


In many applications, however, the power of the equation of state arises not from the qualitative statements it 
makes but rather the calculations that can be performed using it. For gases, the ideal gas equation of state finds 
common usage in chemistry problems, but it is important to recognize that there are circumstances where gases do 
not behave ideally. In this chapter, equations of state for both, ideal and real gases, are examined with special 
attention to drawbacks of the ideal gas equation and the manner these drawbacks are corrected by empirical 
expressions. 


Study Questions 


ES-1. For an ideal gas, 


Z= PV,, is unity. Which is true in general for a real gas? 
RT 


(A) Z= | for all pressures (B) Z< l at low pressures and Z < 1 at high 
pressures 


(C) Z> | at low pressures and Z < l athigh (D) Z< l at low pressures and Z> 1 at high 
pressures pressures 


‘Knowledge Required:. Distance dependence of intermolecular forces 


Thinking it Through: Z = | for all pressures only for an ideal gas and therefore response (A) is incorrect. 
Intermolecular forces existing between real gas molecules depend on intermolecular distances and forces. At low 
pressures the interparticle distances are large and attractive forces reduce the molar volumes relative to that of a 
perfect gas. Therefore at low pressures Z < 1 meaning that response (C) is incorrect. At high pressures the 
distances are short and the repulsive forces increase the molar volume and decrease the space available to each 
molecule causing Z> 1 eliminating response (B) and leaving response (D) as the correct choice. 


, 
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Equations of State 
Gases are in corresponding states when they have the same / atm 
reduced temperatures and pressures. Under what conditions is Hz H, | 33 x 
in the state corresponding to Nz at 126 K and | atm? | E 
N2 | 126 39 


(A) 126 K, | atm (B) 126 K, 39 atm 
(C) 33 K, 3 atm (D) 33 K, 0.33 atm 


Knowledge Required:. Definition of ‘reduced parameters in terms of critical parameters. Definition of the 
corresponding states. 


and the reduced pressure 


Thinking it Through: According to the definition, the reduced temperature T, = 


als 


P ‘ 
P = p According to the information provided in this question, the reduced parameters for N, are 


c 


126 K hima P< l atm 
126 K ‘39 atm 
atm it must have the same reduced temperature and pressure, that is 7, = 1 and P, = 0.0256. These values of 
reduced parameters allow you to determine that H, should be at T = T, x T, = 1 x 33 K =33 K and P =P, + P, = 
0.026 x 13 atm = 0.33 atm. Response (D) is therefore correct. If you define corresponding states as states at the 
same temperature and pressure you will choose incorrect response (A). Response (C) can be obtained under 
incorrect assumption that actual pressures of two gases at corresponding states should be at the same ratio as 
critical pressures. 


= 0.026. In order for H; to be in the state corresponding to N, at 126 K and | 


The valve between the 2.00-L bulb, in which the gas pressure is 
1.00 atm, and the 3.00-L bulb, in which the gas pressure is 1.50 
atm, is opened. What is the final pressure in the two bulbs, the 

temperature being constant and the same in both bulbs? 


0.90 atm 1.25 atm 


(A) (B) (C)  1.30atm (D) —-2.50.atm 


Knowledge Required: The ideal gas law. 


Thinking it Through: According to the ideal gas equation of state, PV = nRT, it is important to notice that at 
constant temperature the number of moles is directly proportional to the product of pressure and volume, PV. 
After the valve is opened, the total volume is (2.00 + 3.00) L = 5.00 L and the total number of moles is the sum of 
moles initially in separate bulbs. Since both, volumes and number of moles add, we can say that 

1.00 atm x 2.00 L + 1.50 atm x 3.00 L = P x 5.00 L 


and therefore P = 1.30 atm, response (C) is correct. Assumption that the final pressure is an average of two 
separate pressures gives incorrect response (B). Response (D) is just the sum of two pressures, not a correct 
approach. You will obtain response (A) if you incorrectly assume that at constant temperature PV is always 


constant. 


____ Equations of State 


Which of these isotherms is oxperimentally obser 


ved near the critical temperature of a real gas? 


(D) 


Knowledge Required: Graphical representation of gas law relationships, particularly for real gases. T 


Thinking it Through: Response (A) represents a hyperbolic graph. Our mathematics knowledge tells us this 
curve is PV = constant, a constant temperature and mass graph for an ideal gas which does not exhibit a critical 
point. Response (B) gives PV = 0 + constant / V, which is not an applicable gas law. Similarly response (C) gives 
py = constant — another constant / V which is also not an applicable gas law. Response (D) shows the correct P-V 


behavior of a real gas near the critical point. The critical point itself occurs when (=) =0and (zr ) =0 
T T 


The van der Waals 
equation of state 


Wa contains a term representing a “molecular size”. The 
aE (Vv -nb) =nRT approximate magnitude of this term is 


(A) 10% cm? mol”. (B) 10° cm? mol`". 


1 cm? mol. (D) 10° cm? mol’. 


Thinking it Through: Two routes are possible. The first involves recognition of the magnitude from using the 
van der Waals equation numerically. The second involves recognizing that V = 4, nr’ with 


r=10" cm- molecule” or V = (4 x10" )(6x 10”) = 24x10 1 cm’ - mol” ; thus response (C) is correct. 


At 0.0°C and 200 torr, a pure gas sample has a density of 1.774 gL". The sample could consist of 
which of the following gases? 


(A) 


N20 (B) — SFs (C) CO (D) OF, 


Neo Ud INOUAIINICI cl eae 


Equations of State 


See 


Knowledge Required: Relations within ideal gas equation of state. 7 


Thinking it Through: The ideal gas equation of state is written as PV = nRT. We can Substitute į 
eint 


, hat p. m 
where M is the molar mass of the gas. We can rearrange the resulting equation to determine the a 
m RT molar Mass from 


M= VP" Substitution of the values in the problem gives 


(0.0821 L-atm-mol"' -K~ )(273 K) 


(2007, )atm ec 


M =(1.774 g-L") 


/760 
The molar masses of the four gases are 44, 146, 28, and 100 respectively. 


Thus response (B) is correct 


As pressure and temperature are increased to the critical point, 


(A) all of the following are true. 


(B) Avaporization/? goes to 0. 
(C) the density of the gas approaches the same value as that of the liquid. 


(D) the index of refraction of the gas approaches the same value as that of the liquid. 


Knowledge Required: Critical point properties. 


Thinking it Through: The critical point is the point at the highest temperature end of the liquid-vapor equilibrium 
line in a one-component phase diagram. As pressure and temperature are increased along this line the properties 
of the vapor and the liquid move closer together until at pressures and temperatures above the critical point the 
material becomes a fluid (i.e., vapor and liquid are indistinguishable). Thus responses (B), (C) and (D) are all 


correct, making response (A) the correct response. 


The valve between a 7.00 L tank containing Ne gas at 6.00 atm and a 5.00 L tank containing O; gas at 
9.00 atm is opened. Calculate the final pressure in the tanks assuming ideal gas behavior and constant 


temperature. 
(A) 5.80 atm (B) 7.25 atm (C) 7.50 atm (D) 7.75 atm 


Knowledge Required: Calculations of final pressure for mixtures. 


Thinking it Through: The final pressure is given by F,,,, = 6.00 atm ( ak 9.00 atm a = 7.25 atm or 


response (B) is correct. 


ES-9. An equation of state for a non-ideal gas is P(V —nb) = nRT . The coefficient of thermal expansion, % 


of any gas is defined as B ov } Therefore a for this gas is 
Vv ar), 


(24) 


pea ae a A 


a) Y. B)  RỌ+bP. (© RT +b. @®) (RT +t) 


4 
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Magirin bonie of State 


edt required: Calculation of thermodynamic properties from a gas equation 
fed 
know ; 
ping l! qhrough: We need to perform the calculation of a from the equation of state as follows 
Toit nkT/,\ + nb 
ð /Pi |u his Thus a =| — | ORY Cancelli 
ov. s ar Pp’ "RTZ, T | ancelling the factors of n shows that 
or r P j 


)) is the correct response. 


Which is zero for an ideal gas? 
(A) & (B) & ) (C) au (D) (a 
i i Al 


Kr owledge Required: Thermodynamic properties of an ideal gas. 
n 

Thinking it Through: The ideal gas has a number of unusual values of thermodynamic functions. Among these 
are that these properties depend only on temperature making responses (A) and (B) non-zero. Response (D) is 


; nRT ; 
rivative equals -7 . Response (C) is the correct response as the derivative is equal to 


also incorrect as this de 


zero. 


Practice Questions 


1. The van der Waals equation of state for a gas is 3. A He gas thermometer at constant volume is 
z designed so that the pressure was 642.7 torr at 
( P+ “ely ~nb) = nRT 32.38°C. What is the temperature of a system 
y? for which P = 784.9 torr? 
(A) 250.18 K (B) 312.69 K 


Which statement is true? 


(A) The term nb makes allowance for (C) 340.75 K (D) 373.13 K 


ttractive forces between molecules. : 
ain aia 4. A 10-L drum of ether at 18°C is open to the 


na atmosphere (P = 760 torr) and contains 6 L of 
(B) Thetem qr makes allowance for the liquid. The top is sealed and the drum dented 
l fth cules. so that it now has an 8-L capacity. If the vapor 
eee pressure of ether at 18°C is 400 torr, what is the 
(C) The constants a and b have the same pressure inside the dented, sealed drum? 
values for all gases. 
(A) 950 torr (B) 1120 torr 
D) If P and Var d in at d liters, 
(D) n e expressed in atm and liters (C) 1520 torr (D) 2320 torr 


respectively, the units of a and b are 
liters?-atm-mol™ and liter:mol”', 
respectively. 


2. The constant b in the van der Waal’s equation 
is linearly proportional to 
(A) the radius of one molecule. 


(B) the force of attraction between two 
molecules. 


(C) the excluded volume per mole. 


(D) the temperature. 


ia 
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5, 


Pad 


Given the relationship 
3U 5 
(24) =7( 2) -r 
OV Tt êT v 
ôU 
select the expression that is equal to (Z) 
or T 


for a gas that obeys the van der Waals equation 
of state, 


ORT èa 
V-nb V’? 
(A) nRT (B) n'a 
V -nb y? 
(C) nRT (D) nRT ra 
V -nb V-nb Vv? 
In the van der Waals equation of state 
ORT wa 
 V-nb V’ 


the term, nb, will increase as the 

(A) molecular diameter increases. 
(B) intermolecular forces increases. 
(C) temperature increases. 


(D) pressure increases. 


The isothermal compressibility 


| I av 
x =-|— || —], 
V PA 
for the hard sphere equation of state 
P(V -nb)=nRT 


is given by 


(A) -RT +b (B) -RT 
P? 
(C) ı (D) (2 
T =| 
SD 
P 


The derivative of the enthalpy with respect to P 


„ (CH 
at constant T, (2) , for an ideal gas is 
g i 


(B) © (© a 


K 


(A) 0 (D) uy 


6 
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9. The Joule-Thom 


SO 
whether PSON Coeff 


cient will Š 


Edin 

(A) an ideal gas cools or TEN 
N eyn. 

(B) how much energy is ex ansio 


requi 
temperature of a gas < vO Reg 


(C) the entropy change for a 


; , gas on 
expansion. Sothern, 


(D) areal gas heats or ¢ 
change. Cols on Pressure 
10. The sign of the Joule-Thom 


é son ; 
be predicted from PSO Coetcien can 


(A) the magnitude of the van der W 


constant only, me 


(B) the magnitude of the van der Waals b 
constant only. 
(C) the equation of state of the real gas. 


(D) the critical pressure, temperature and 
molar volume. 


ee 
Answers to Study Questions 


>eyrnm 

pave 

onan 
w> woa 


Answers to Practice Questions 


i a a 
soa 
IAM 
rorwn 

ag 


~ 
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Laws of Thermodynamics ang St 
Functions ate 


In the study of thermodynamics, it is often convenient to draw an imaginary box aroung th 
omenon that you want to study is occurring. What is inside the box is et Of the 


universe where the phen 
dings. The system and the surroundings together are a SYstem 
to i 


what is outside the box is called the surroun 
constitute the universe. 


The first and second laws of thermodynamics are statements of experience. They summarize 
observations distilled from experiments concerning energy in the forms of heat and work, and the ms of 
ons of one form of energy into the other. The first law can be stated in terms of an absolute OWed 
Energy of the Universe is Constant”, or symbolically in terms of changes in energy: “AU = g + w” Png Y: “The 
change in energy for a process; q is the heat transferred and w is the work performed during the eee AU isthe 
use the convention assigning w < 0, if the system does work, and w > 0, if work is done on the system a Chemists 
surroundings; and q < 0 if heat flows out of the system into the surroundings while q > 0 when heat flow, al l 

the 


system from the surroundings. 


conversi 


The second law has its roots in the limitations on the conversion of heat energy into work energy. It can be 
stated as “The entropy of the universe never decreases” or AS > 0, where the equal sign is true for reversible 
> sign applies to irreversible processes. An operational definition of entropy is given by dS = 


processes and the 
is the differential element (infinitely small quantity) of heat transferred during a reversible 


grew T where ddrey 
process at temperature 7. 


The third law is best expressed in terms of Boltzmann’s definition of entropy: S= In W. For an infinitely 
large perfect crystal at 0 K, there is only one arrangement of energy, so W = 1 and S(OK, perfect crystal) = 0. It 
establishes a basis for the calculation of an absolute entropy. 


State functions are properties that depend on the state of the system. Internal energy U, enthalpy H, entropy S, 
Gibbs (free) energy G and Helmholtz (free) energy A are the most commonly encountered state functions. Changes 
in state functions do not depend on the path taken to go from the initial state to the final state. Heat and work are 
not state functions. They, and quantities like the genertized heat capacity, C, that are derived from them, are not 
state functions; though Cp and Cy are state functions because then the path is defined. Their magnitudes change 
with the details of the process taken to get from one state to another. 


Study Questions 


One mole of an ideal gas undergoes an isothermal expansion from 10.0 bar to 1.0 bar either 


(1) reversibly, 


(2) against a non-zero constant external pressure or 


(3) freely against a vacuum. 


The respective values of the work’s magnitude obtained from these processes are 


(A) w =w =w (B) wi < w2 < W3 


(C) w >w >w (D) wi > w > W3 


——————— 
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-—z Required: Expansion work is negati 
tity. PV-work is defined as — Pear ; 
i e 


t Through: The magnitude is related 
7 : to 
work is obtained when the external ene the P 
i H e€ gas pr 


Optimal (maxi 
ly balanced, ih anu 


> €.g., —2000 J j 
i is | 
eft of another on the line is the oh. 


In an adiabatic expansion of an ideal gas, which of the following is ah 
vays true? 


(A) The work done by the gas on th ings i 
of the gas. © Surroundings is equal to the increase in the internal en 
ergy 


(B) The temperature of the gas will rise. 


(C) No work is done on the gas by the surroundings 


(D) The work done by the gas on the su ings i 
sf the ons, rroundings is equal to the decrease in the internal energy 


Knowledge Required: Definition of the term adiabatic. The first law of th i i : 
ideal gases that internal energy depends only on temperature, not on be et MOSSEL pasety ot 


Thinking it Through: In an adiabatic process, q = 0. Theref = i 

on the surroundings, so w <0 and U will desea Therefore tepon pa e m sine hei 
opposite of response (D), so it cannot be correct. Because AU =JCy dT for any process aani yi 
because AU will be negative, the temperature of the system must go down. Therefore response eae t. If 
the expansion has occurred into a vacuum, then no work would have been done (Pex = 0) and response (© would 
have been correct. The problem asks for a statement that is always true, and response (C) is only true for a special 


case. 


If each CO molecule in a carbon monoxide crystal has equal probability of being situated on a lattice 
site with one of two orientations CO or OC, the value of S° at 0 K will be nearest 


(B) 4.18 JK ‘mol! 
(D)  831JK™mol' 


LT-3. 


(A) 0J:K mol"! 
(C) 5.76 Kol" 


e Boltzmann definition of entropy, S = R In W (for a 


Knowledge Required: The third law of thermodynamics. Th 


mole of material). 
Thinking it Through: This description suggests that the carbon monoxide crystal is disordered, therefore it is not 
a perfect crystal and S° will not be 0 J ‘Ko'-mol | at 0 K so response (A) can be eliminated. The Boltzmann 

ber of orientations that each molecule of 


formula tells us that the contribution at 0 K will be determined by the num yR 
CO can assume in the crystal. We are told that there are two orientations, so S° at 0 K should be ae 
In(2) where R is the ideal gas constant, 8.31 J-K `!-mol™". Because In 2 is about 0.69, response (B) which is about 


half R is too small. The correct answer is response (C). 
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LT-4. 


The enthalpy changes for combustion of 
monoclinic and rhombic sulfur are shown in the 
figure, From these values calculate AH? for the 

process 


S(rhombic) > S(monoclinic) 


(A) 033K) 
(C) -296.83 kJ 


Knowledge Required: Enthalpy is a State Function. Hess Cya ~~ 7 


Thinking it Through: The two combustion steps can be 


combined to yield the desir, X 

. = i i | 
combustion step is reversed, and so the sign of the enthalpy change is r eversed i ii j sepi th 
$ Me 


l S(thombic) + 0.(g) > SO,(g) AH°(1) = -296.83 kJ 
Il. SO.(g) => S(monoclinic) + O(g) AH*(II) = +297.16 kJ 


Net: S(rhombic) -> S(monoclinic) AH?(Net) = AH°(I) + AFIN 


AH? (Net) = +0.33 kJ 
The correct response is (A). If the directio 
the sign of AH? would be reversed, giving 
sulfur. Response (D) is the sum of the two enthalpies, i 
this is the answer you would get. 


For the adiabatic process illustrated in t 
which is true? 


(A) q=0and AU>0 
(C q>OandAU=0 


(B) q=0and AU<0 
(D) q<0and AU=0 


Knowledge Required: The First Law of Thermodynamics, definition of adiabatic process, 


Thinking it Through: For an adiabatic process, q = 0 by definition. The figure shows the system decreasing 
volume, thus w is positive by definition. Since AU = q + w=0 + (positive) > 0. Thus response (A) is the correc 
response. Response (B) has an incorrect sign of AU. Responses (C) and (D) have q + 0 and are thus incorrect. 
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When a transformation occurs spontaneous 
AS for the universe must be 


AG, 
sti 


(A) positive positing 
(B) positive baale 
(© negative positive 
D) negative newetive 
Knowledge Requir ed: Thermodynamic functions for spontaneous reactions 
it Through: At constant Tand P, AG of the system indicates the direction of a i 
Teaction with 


qhinking ! 

GF nega 
of thermodyn 
t. 


tive, indicating the spontaneous direction. Thus responses (A) an 


amics states that ASyniverse Must be positive for a spontaneous p d (B) are incorrect. The second law 


rocess, indicating that response (C) is 


The molar heat capacity of diamond is adequately given by the equation 
Cp/(J-K mol’) = 3.02x10 T7. How much heat does it take to raise the t 
diamond from 100 K to 300 K? emperature of one mole of 


Ya (3.02 10~")(300*— 100°) (By %(.02«107 [300" — 1004 
(3.02x10) [1/(300)- 1/(100)] (D) 4 (3.02107 3003 — 100°) 


(A) 
(©) 


Knowledge Required: Calculation of heat from heat capacity data. 


The heat and heat capacity are related by q= k C,dT . For this particular problem, 


Thinking it Through: 
= in (3.02x 1077) T°dT = (3.02x 107 )(%)(300" 5 100‘) . Thus response (B) is the correct response. The 


al correctly. 


q 
alternatives do not perform the integ 


Tmation above, what is the absolute entropy of diamond at 


Given the heat capacity info 


300 K? 
(A) 0 (B)  ⁄4(38.02x 10°) (300) 
(Cc)  (3.02x 10°’)/(300) (D) %G.02x 10”) G00)” 


a : 
Knowledge Required: Calculation of third law entropy from heat capacity data. 


Thinking it Through: The third law entropy assuming the same heat capacity data from the previous problem is 
given by Asi 


) Zar =2.38 J: mol” -K7 +(3.02x10°) > i 


Suat Sar -2.38 J-mol!-K7 +(3.02%10" 


=2.38 J-mol!-K7 +(4)(3.02%10” 


)300° . Thus response (D) is the correct response. 


11 


Scanned by CamScanner 


Laws of Thermodynamics and State Functions 


process is 


(Ay 77 


(C) p 


The equation relating the pressure-volume relationship for the ņ 
ideal gas is PV = P, V } The equation relating the temperature 


eversible adiabatic exp 
-volume Telationshing fon ni 
the 


(B) TK y'= hye 


(D) al 


nRT, 


V, 


the correct response. 


LT-10. 


(A) AS. (B) AH. 


Knowledge Required: P, V, T relationships for processes. 
Thinking it Through: The reversible process has PV = P,V ! 


; R nRT. N ee TYVI TV! 
p=nRTf, gives Eo yp Ah simplifies to oo 22 


As the temperature approaches absolute zero, AG for any chemical reaction approaches 


. Substituting the ideal 8aS equation of g t 
ate 


y=). = 
: A or TV Y'=T, VY and response (B) j; 


(C) T. (D) Zero. 


Practice Questions 


1. AU? for the reaction 


A(s) + 2B(g) — 2 C(s) + Dig) 
was measured at temperature 7 in a constant 


volume calorimeter. AH? for the reaction is 
approximately 


(A) AU°- RT 
| (B) AU® 
(C) AU°+RT 


(D) AU° +2RT 
- An ideal gas undergoes irreversible isothermal 

expansion. Which is correct? 

(A) AS=-AG/T 

(C) AS=q/T 


(B) AS=AH/T 
(D) AS=AU/T 
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Thinking it Through: The definition of AG = AH — TAS. As T 
oes to the value of the first term, namely AH. Thus response ( 


Knowledge Required: Definition of AG, limiting behavior with temperature, 


goes to 0, the second term goes to 0, thus AG 
B) is the correct response. 


The efficiency of a process with qı Occurring at 
Ty and qz occurring at Te < Ty can be 
calculated from 


(A) [uj (B) |v 
qy |, 
(©) Ja] D a 


w | 


4. A measure of the maximum non-PV work that 
can be performed by a process occurring at 
constant 7 and P is given by 


(A) AH. 
(C) AG. 


(B) AS. 
(D) AA. 


12 


ean 


5, A samp 


le of water was placed in a refrigeration 
-ce and the temperature gradually lowered. 

eee there were no particles in the water to 

ae nee crystallization, the sample became 

wart oled and did not freeze until a 

A tite of -20°C was reached. When the 

te 


water froze at -20°C, ASu,o> AS puro ndings » aNd 


AS, otal were 


ASu,0 AS seandiags AS oul 
(A) E ~ E 
(B) + + + 
(© 0 
0) =- i ig 


The entropy change for a liquid heated from 7; 


to 7, can be calculated from the area under the 
curve obtained by plotting 


(A) AH as the ordinate and 1/7 as the abscissa. 
(B) Cras the ordinate and In T as the abscissa. 
(C) Cras the ordinate and 1/T as the abscissa. 

(D) C/T as the ordinate and 1/7 as the 


abscissa. 


In a cyclic process involving two steps, the first 
law of thermodynamics requires that 


(A) lq, +q] =|w] 
(B) la, +q,| =|, +w,| 
(C) lq, + q| > |, + w| 


D) |q, +| <m +w] 


From the information 

NH, (g) > N(g)+3H(g) AH’ =1172.8 kJ 
H, (g) > 2H (g) AH" = 435.930 kJ 
N, (g) > 2N(g) AH" = 945.408 kJ 


the enthalpy of formation of NH;(g) is 
calculated to be 


(A) +2554.138 kJ-mol' 
(B) +208.538 kJ-mol™ 
(C) -46.2kJ-mor! 

(D) -1172.8 kJ-mol! 
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9. 


10. 


xvuuro anu alate Functions 


The third law of thermodynamics can be 


combined with experimental data to provide an 
absolute value for 


(A) enthalpy. 
(C) entropy. 


(B) work. 
(D) Gibbs energy. 


Which is a graph of the enthalpy of 
vaporization from the triple point (7,) to the 
critical point (7,)? 


: re 


T T T, 
T T T. 
T, T T. 
T, 7 T, 


TS a 


ar 


Answers to iuey 
5. A 9. B 

de 6. C 10. B 
2D A 
r 
4.4 8. D 

Answers to practice Questions 
pe 5. D 9. C 
AA 6. B 10. C 
3. A 7. B 
4. C 8. C 
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¿sible con 
poss! g up an ahil; 
relationship“ i ar ; apa st eum variables. Even ifa a ra 1o manipulate the math 
ong as it can be related to more readil articular quantity is diffi matical 
adily observed quanti quantity is difficult or ; 7 
i Or Impossible to 


ties, we can determine its value 


for understandi f 
of the student, knowing the mathematical machinery and how it is derived m h 
eans tha 


© adonship is momentarily forgotten, we can always figure out what to do by falling back to th 
CK to the most fundamental 


concepts and equations and the mathematical rules for manipulating them 


From the perspective of the mathematics itself, the majorit i 
ore ey y of the manipulati : 
this type of test question involve the use of multi-variable differential calais me : K need to be carried out in 
partial differentials and exact differentials. A review of this level of math is H d i arly the manipulation of 
is a good chance that an appendix in the physical chemistry textbook you used in the omc nt a i i 
Views of this 


material. 


Study Questions | 


(z ) is equal to, 
OP JT 


For a pure substance the partial derivative of G with respect to P, 


(D) V. 


Knowledge Required: Expression for exact differential of Gibbs energy. Definition of partial derivative. The 


method for calculating partial derivatives. 


Thinking it Through: For a closed one-component system in the absence of non-expansion work a change in G is 
proportional to a changes in P and T through: 


dG = VdP - SdT 


When T is constant the change in G is proportional only to a change in P: 


dG = VdP 


which through differentiation with respect to P leads to (=) =V . Thus response (D) is correct. 
T 


ess-proceeds? 


path over which a thermodynamic proc 


MRT-2. Which combination is not dependent on the 
(B) AU,q, AS 


(A) AU, AS, AG, AH 
(C) 


AU, AH, AG, w Oy y” 


15 
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i tate function. 
ved: The meaning of s l 
Knowledge Required: d work, w, are not state functions and therefore are path dependent 
Thinking it Through: Heat, q, i piod i respectively, and therefore mor p dependent fina 
(B), (C), and (D) ee a ied in response (A) are state functions that do not depend on the 
7 ares t. All fun 
they are incorrec 


therefore response (A) is correct. 


> €spon 
tions so Seg 


path ara 


] differential for H is 
The tota n as 


(D) dU-VvaP-pay 


(A) dU 
(C) dU+VdP+ PdV 


Knowledge Required: Definition of enthalpy, H. The meaning of the term total differential. 
now . 


za = meaning that H depends on U and PV where both, P and y 
Thinking it Through: By mae ae Sate pi differential dH gives the total change in H arising from ie 
independent variables. The cs U is represented by differential dU and the change in PY is represented by the 

in both U and PY. The ey ae and V are independent variables d(PV) is equivalent to VAP + PdV. Response (© 
differential d(PV). ete and therefore is correct. If you mistakenly define H as being equal to Y~ py you 
E A ie RA (D). Response (A) is a differential of U only and therefore is Incorrect, In response 
Wi 


(B) the term related to the volume change is missing and therefore this response is also incorrect. 


nRT , . 
Using the approximate equation of state for a gas, V = t nh, AG associated with an Isothermal 


change in pressure from P; to P; is 


P 

(A) nari] + mA) (B) -neri 2) 
P 

© -ntrn( 2} (=A) (D) mrri) 
A P 


Knowledge Required: Calculation of thermodynamic functions associated with 7 and P changes, 


all gases 


(2) =V for 
OP Jy 
inking i à a ( nRT 
Thinking it Through: AG, = fk VdP = f ( = + nb Jap =nRT In 4 +nb(P,-P) Thus response (A) is the 
1 


correct response. 


dG =~Sd7+ yap 


@G OG 


© 26 _ eG 
OPOT ƏTƏP 


HIO 


£. 
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i from the Standarg 
nt of Pressure), Thus 


derivation of (Ss 
op 


eat the desired result assuming that AV js Constant (inde 
oe aj l pend 
F t in deriving the equation. Response i à 

(A) is relevant in the "eSponses (B) and 


p relevan 
4 
b =AV . Thus 


(0 is not relevan 


espns 


t in the derivation and is the correct respon: 
se. 


e differential for the Helmholtz function 


sats a correct pair of equations that can be aoe from thi, 0 Mposition is d4 = SaF 
Br G a aa 
a) oo (2 i f v ar), 
o (2) shee (D) (#) =-S and (5) sv 


| i i 
aiig Required: Derivation of Maxwell equations from the definitions of thermody, i 
| namic functions. 


| h: 2) =-S an & =-P 
| iia Through: | — ; av J, = after we take the derivative of A with respect to either T 


A -(52) (2 =-s(1 
or V. For examp e, ôT iy ôT Wy oT jy g NE; Treia e ete li 


RTT. Select the partial derivative that is equal to the chemical potential of component i, 5, 


_(26 -|2 
_(a `| 2G 
(C) Ki í an, La (D) Ri ZI. 


Knowledge Required: Definition of chemical potential as partial molar Gibbs energy at constant temperature and 


pressure. 


Thinking it Through: All four responses have the differential part with the correct Gand n;. All four responses 
differ in what is held constant. The correct pair of functions is 7, P (response (D) is correct) because 


dG=-SdT + VP + Ý p,dn, . 


MRT-8, The total differential for Gibbs free energy, G, is 


@) da-ti 


(A) dH-SdT 
(C) dH-TdS-SdT 


Knowledge Required: Definition of G in terms of H, T, and S. SSA? 
. tive gives dG = dH- a(7S) = dH- TAS - 

Thinking it Through: By definition G = H- TS. Taking the derivative gives dG = d ( 

$0 that response (C) is the correct response. 
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A differential expression for the internal energy is dU = TdS - PAV. Th 
relation is 


e co x 
"responding Ma 
XWelj 


ðU ðU as 
(A) (=) -(2) (B) (3) -(% 
WV), TA OP). (OT , 
e Hl Ea w (7) es 


Knowledge Required: Derivative of Maxwell relations. acacia, 


Thinking it Through: The Maxwell relations are a recognition of the equality of the mixe 


; ae ; d ; 
the first partial derivatives are given by Second partials, Here 


The mixed second partials are then given by 


(5) ($13) (eC) (ge) 


Eliminating the middle two terms shows that response (D) is the correct response. 


MRT-10. ôT T 
For a rubber band (Z) = -2() . The length of the rubber band 
ôl Js Cuil A 
(A) increases with an increase in T. (B) decreases with an increase in T. 
(C) stays the same with an increase in T. (D) can not be predicted with an increase in T. 


Knowledge Required: The relationships between T, /, Cy, and S. Signs of AT, Al, T, l, Cy, and S. Microscopic 
changes in rubber organization with T. 


Thinking it Through: The temperature and heat capacity must be positive numbers. As the length of the rubber 
band increases (A/ is positive) the entropy decreases because the polymer is stretched and the number of possible 


configurations is reduced. Thus (=) is negative and the temperature of the rubber band decreases while 
T 


stretching the rubber band, and response (B) is the correct res 


ponse. 
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assuming that AH? is independent of 
$ ðlnK : 
e, the expression | ———? ~ AH” 
temperate ( ð ) RT? 


ante integrated to yield the expression: 


a) TOOS 


T? T 


4. The molar heat capacity of copper is 
: adequately given by the equation 
C, =4.73x10*T? (J-mol -K7 


What is the absolute entropy of copper at 
20K? 

(A) 2.4x10° J-mol'-K” 

(B) 0.019 J:mol'- K” 

(C) 0.13 mor ™ K” 

(D) 1.9 Jmo™-K” 


5. Which partial derivative is always equal to zero 
for an ideal gas? 


(A) (aG (B) (aH 
pa (ar), 
(C) (aU (D) & 
eal aT Je 


6. The relationship between the chemical 
potential of a substance and the partial pressure 
is 


(A) m= pieRT a24) 


B) w= "R7/, 


du, 
bcc RO > 
ral 


(D) dp, = -S;dT - RdV 


) 

ae Vs Which Equation js Us | 
=dq+dy (B) H U es 

a $ =U +Py 


8. The proof that (2C> 


oP | =0 involves which 
argument? 


(A) m 
aP |, 
(B) H=U+py 


(C) Hisa state function 


(D) U= U(T) only for an ideal gas 


9. Among the relati i 
ationships derived from 
3 tl 

that G is a state function is Sii 


(B) 0= Yn dp, 

(© (e)a) 
Ky, R T, T, 

D) G=H-TS 


10. Which expression shows the relationship 
between the chemical potentials of two 
components in one phase at equilibrium? 


(A) =W 


(B) m = ("/,) 
(C) TEVA 


(D) p, is unrelated to p, 
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Answers to Study Questions 


1.D LC 
2.A 6. B 
aC 7.D 
4. A LC 
Answers to Practice Questions 
1. D 5. C 
2. D 6. A 
3. D 7. B 
4. C 8. C 
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chemical and Phase Equilibria 


chemical potential p is equivalent to a molar Gibbs energy Gm- For materials in 

tial of the ith substance pj is given by (ôG/ðn;)r.p. It can be regarded as the Gibbs 

mole of substance to the solution. Just as balls roll downhill seeking a state with a lower 

4 ‘al and electrons move to a state of lower electrical potential, matter moves spontaneously to a 

ent? ona tenti | potential. The transformation of matter, both in phase changes and chemical processes, ca 
er ace of a driving force to lower chemical potential. iti 


pases are in equilibrium, the chemical potential of each component is the same in every phase 
nent appears. Phase transformations occurring when the temperature is changed can be 
_ which tha differing response of the chemical potential in the two phases to the temperature: (Op; /OT)p = -S 
in Or erences in the phases. Pressure effects on phase equilibria arise because of differences in the ' 
f the phases: (p; /OP)t = Vi- Phase diagrams for one component systems (P vs T) represent the 
we” stable at a given P and T. Multiple component phase diagrams are usually represented as P vs 
; ich m a fixed Tor T vs composition at a fixed P. The Gibbs Phase Rule is given by F =2 + C- P, where 
position a of variables that can be adjusted without requiring a phase change, 2 represents the variables T and 
is the ue of independent chemical components in the system and P is the number of phases present. The 
v bserved in phase diagrams, such as the existence of triple points, but not quadruple 
and horizontal lines in the phase diagrams representing three-phase equilibria. 


en multiple 
m 


ropy di 
so 


Jains features O 


i le exp 
ase RU ponent systems, 


points in one com 

The ch emical potential for a substance under a general set of conditions of pressure and composition can be 
ged in terms of the chemical potential of a standard state and the activity of the substance referred to that 

expres rT a" RT Ina; For gases, the standard state is taken as the ideal gas at 1 bar pressure, and 

standard F qm For pure solids and liquids, the standard state is taken to be the pure material under an external 

ar. Unless the problem involves very high pressures, the activities of pure condensed phases are 

i ponents in solutions, there are two choices of standard states. One, called the Raoult’s k 

taken olvent standard state, is based on the behavior of the pure liquid; the other, called the Henry’s law standard 


wors 3 ‘ . e : i r 
se is based on the limiting behavior of a solute at infinite dilution, in which a solute molecule is completely 
surrounded by solvent molecules. 


The Gibbs free energy change AG for a chemical process, aA + bB = cC + dD, can be expressed as 


cd 
AG = AG? +RT n( 
AGB 
where AG? is the free energy change with reactants and products in their standard states and the In term contains the 
activities of each substance under the current experimental conditions, relative to the standard state of each term. 
The ratio of activities is sometimes referred to as the reaction quotient, and designated Q. For a spontaneous 
process AG < 0. At equilibrium, AG = 0 and 


a de “i 


d 

aca 
AG”? =r c 2) 
ana, 
ASB J oq 
ratio of activities at equilibrium is given a special name and symbol, the equilibrium constant, K. 
imet i lór of electrolyte solutions are treated in terms of mean ionic activity coefficients because individual 
s cannot be separated out. The hypothetical | molal Henry’s law solution is taken as the standard state of 


an ionic soluti : ae, À 
solution are At low concentrations, the mean ionic activity coefficient of an ionic solute in an aqueous 
.15 K can be estimated from the Debye-Hiickel limiting law: 


logy, = -0.509|z*2"|7"” 
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+ — s 
ith ionic charges z` and z ina soluti i 
-v coefficient of the solute with ionic charg On of ionic 
è : i ty C 
i ean ionic activi 
where y+ is the m 


strength /. the operation of an electrochemical cell can be related tg the Ag 
£ 


; med durin ; les of electr. ‘ the 
The electrical work perfor P AG = - nFE where n IS the number : y yp rrap transferred, a h 
Heidel pee Areal J potential The Nernst equation shows how reactants sh 
d E is the ce . 
Faraday constant an se 
products affect the cell potential: 


a „b 
ayn ay 


RT [2] 


ic i are products. 
and B are reactants in the electrochemical process ind C an p 
where A ( dD 


Study Questions 


At the two points, A and B, on the solid-gas phase 
transition line on the phase diagram, 


the p’s of the solids are equal. (B) the 1’s of the gases are equal. 


(A) 


(C) the u of the solid is equal to the p of the (D) all the p’s are equal everywhere the two 
gas at each point. phases coexist. 


Knowledge Required: Lines on a P — T phase diagram represent two-phase equilibria; chemical potentials are 
equal when phases are in equilibrium, Gibbs energy. 


Thinking it Through: Both points lie on the same two phase line. At each point on a two phase line, the chemical 
potential of one phase is equal to that of the other: Hi = Hu where I and II represent two different phases, therefore 
response (C) is the correct one. Points A and B are at different temperatures and pressures, because chemical 
potentials change with both 7 and P, (Ou /O7)p = -S; and (Ou; /OP); = V; it is unlikely that the chemical potentials 
of either the gases or the solids would Stay the same for an arbitrary change in both 7 and P, SO responses (A) and 


(B) would not be expected to be true in general. Response (D) also ignores the temperature and pressure 
dependences of u. 


At 25°C and P° = | bar, AG”, the Gibbs energy change for the transformation 


graphite = diamond 


Is positive. The volume change AV = Va- V; is negative. An approximate expression for the 
pressure at which diamond will be in equilibrium with graphite at 25° C is 


(A) P? — (AG°/AV) (B) 
(C) pe 


P° + (AGY/AV) 


eee ee 


ME 22 
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Pa p -onditions for equilibrium: chemical potentials of two phases are equal and so AG ý 
q peg"? : sential (and Gibbs energy change) with pressure: (OW APh = V and (ONG! OP), = AY 
4 Pan 0 (i à á f a 
a ledh mical p ; 
moe int can write a total differential for AG as a function of T and P 
hh: WE 
nous 
n ai 
inhib yap - ASd1 
-igothermal, We need only consider the dP term. If we integrate both sides of the equation 
1s een P° and the equilibrium pressure we obtain, i 


2 “4 yet 
G =0at the new pressure we ge 
ber that A 
remem 
-AC = AV (Pea 7 P’) 


ving for the equilibrium pressure gives us 


and 


gearrangine and sol 


AG | po 
eer 
f= AV 


The correct response is response (A). 


Benzene and ethanol form an azeotropic mixture that is 60 mol% benzene and has a boiling point of 
m. The normal boiling points of pure benzene and pure ethanol are 353 K and 352 K, 


341 K at | at 
respectively. Which statement best describes the behavior of benzene-ethanol solutions. 


(A) Solutions of any composition of the two materials can be completely separated into the two 
components by a sufficiently efficient distillation column. 

The vapor phase in equilibrium with a benzene-ethanol solution of any composition is richer 

in ethanol than is the liquid phase. 


(C) The solutions show positive deviations from Raoult's Law. 


(B) 


(D) The solutions show negative deviations from Raoult's Law. 
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Knowledge Required. Vapor-liquid equilibria; meaning of azeotrope. Raoult's Law and deviations of Raga 
no S ‘5 
law. 


: we l to have in mind a qualitative picture of the temperature (7) _ 
Thinking a D poset PE sketch is given on the left below. The diagram ey the Petition 
(x) phase aa ane in the T — x phase diagram will be the azeotrope. Whenever there is an aZeotrope, co a 
i aa two components is not possible, therefore response (A) cannot be correct. The two vertical i 
la e figure show two possible liquid compositions, A AE EEE a is D arrows show that Fe 
vapor composition formed by each liquid approaches that of t aer a the “spe on the ethanol-rich si i 

is richer in benzene, for the liquid on the benzene-rich side, the vapor is richer in ethanol. Therefore e, 
the vapor is ric t be correct. To consider responses (C) and (D), it is helpful to think of the pressure , 
respons (B) Tea that would complement this one. Again, a qualitative sketch is all that is need 
y eepe be pinia by remembering that a high pe aaa e boiling ae corresponds to one with a low 
vapor pressure while a liquid with a low boiling point has a hig m aaa pplying that rule to the 
benzene-ethanol system, which has a minimum-boiling prem S i t at t A azeotrope will have a higher 
vapor pressure than either pure benzene or pure ethanol. The das hed line ne i — x diagram represents the vapor 
pressures that would be found above ideal solutions. The arrows indicate tl at the vapor pressures of the rea] 
solutions are above those of the ideal solutions (ones which follow Raoult s law). Because the vapor pressures are 
greater than those predicted by Raoult's law, we have a positive deviation. Thus, response (C) is the correct one, 
An azeotrope with a minimum in the vapor pressure curve would deviate negatively from Raoult's law behavior 
which is response (D). 


ed. The P -x 


Liquidus Line ~~ 
for an ideal solution 


x(Benzene) 


Choose the statement that describes the relationship between the solubility of AgCI in 0.10 M KNO; 
and in pure water. 


(A) AgCl is more soluble in 0.10 M KNO; because the thermodynamic equilibrium constant is 
greater in 0.10 M KNO; than in pure water. 


(B) AgCI is more soluble in 0.10 M KNO; because the activity coefficients of Ag’ and CI are 
smaller in 0.10 M KNO; than in pure water. 

(C) AgCI is more soluble in 0.10 M KNO; because the activity coefficients of Ag” and CI are 
greater in 0.10 M KNO; than in pure water. 

(D) 


AgCI is equally soluble in 0.10 M KNO; and in pure water because AgCI and KNO; have no 
ions in common. 


\ 
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Chemica} 
and Phase Uilibrig 
Requi : H ivi y ` — 
jn Relationships. ye-Hückel Activity 
coet” 


: The reaction of interest is AgC\(s) = Ag’(aq) + cr- E 
pining i Throng" © (69) $ CT (aq) with the equilibrium congan 
given by K= mgmt 


ye that AgCI and KNO; have no ions in common, the mean ionic activity c 
jle it is tru strength of the solution, 7. J is a sum over all the y 


the m oefficients are affected b 
istr 10ns In solution, so the Tes t 
ie total 107 7, Both the limiting form of the Debye-Hiickel iiaa e 
ions incre i 
i log y-5-Aļ|z 2-7 !2 

d the extended Debye-Hiickel equation 
j ) 


A 
logy, =- 


the mean ionic activity coefficient will decrease with increasin 
t that ide becomes more negative. A negative number implies an act 
right hand s eases, the molalities of Ag” and CI” must increase to m 


aintain the equality of the right hand side 
product. Therefore the solubility will be increased. The correct response is (B). 


g ionic strength. (As / increases, the 
ivity coefficient which is less than 


Given the potentials at 25°C for the following 


half cells: 

EN 
O(g) + 2 H20(I) + 4 e — 4 OH (aq) 0.401 
O;(g) + H20(1) + 2 & —> O2(g) +2 OH (aq) 1.240 
what is In Kp at 25°C for the reaction 2 O3(g) + 3 O(g)? 


2F(-0.839V) 

(A) 4F(-2.0797) eee 
RT 

Oe eee 

(© 4F (40.8397) RT 
RT 


‘als: relationship of AG and E 
Knowledge Required: Half cell reactions and cell potentials; relationship 


o i by 
get AG° for the reaction 
=AG?=— RT in Kp, We ired reaction, the first 
aki : In Kp from —nFE° = A t in our desired reaction, 
Thinking It Through: We see PEER Because O, gas is the kaise ply the ozone half-cell by two but 
on rae a ee in order to cancel the electrons, we mus 
alf-cell must be reversed. , 


remember not to multiply the voltage. 


E'N 
_ 1.240 
2[03(g) + H,O(1) +2 e — O2(g) ara Gal -0.401 39V) = -323 i 
Net a YT i a AG? = —nFE? = ~4F(0.8° 
e 318) > 3 O(g 


f electrons trans 
Pe om multiplying the ozone 


bet t of the num 
: ; ities independen 
Remember that half-cell potentials are intensive quantitie 


me from mu 
es (A) and (D) c° ell. 
AG" is extensive. The correct answer is a Saute ene for the half c 
a'-cell potential by two. Response (B) has the w 


No 
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CPE-6 The thermodynamic solubility product constant of silver acetate is 4.0x10 7, The solubili ilver 


tY of s 
-1 oe ae l 
i ‘ PERE ‘L . The mean ionic activi coeffici š 
acetate in a sodium nitrate solution is 0.094 mol-L ty coefficient Of silver 
acetate in this solution is 


(A) 0.063 (B) 0.188 (C) 0.67 (D) 149 


Knowledge Required: Definition of thermodynamic solubility product constant. Relationship among solubiliy 
product constant, solubility, and ionic activity coefficient. 


Thinking It Through: The definition of the thermodynamic solubility product constant in terms of the ionic 


activity coefficients and solubilities is : : 
Kp ar [Ag Tye: [ Ac ] 


On substituting the data in the problem and rearranging slightly 


= 4.0x107 = 0.45 
Vag Vac vais 


and the mean ionic activity coefficient is the square root of this number which is 0.67. Thus the correct response 
is then response (C). 


A 6.0 mol sample of benzene is mixed adiabatically with 2.0 mol of toluene 


at 25°C. Assume this is 
an ideal solution. What is the entropy for the mixing process? 


(A) zero (B) =R [0.75 In(0.75) + 0.25 In(0.25)] 
(C) =R [6.0 In(0.75) + 2.0 In(0.25)] (D) R [6.0 In(0.75) + 2.0 In(0.25)] 


owledos Ronni aa . . . . A 
Knowledge Required: Thermodynamic functions for mixing ideal solutions. 


Thinking It Through: The expression for the entropy of mixing is AS = -RÝ n, Inx, . For this mixture 


hot = 8.0 mol, Xbenzene = = 0.75 and toluene = 


6.0+2.0 6.0+2.0 
AS = -R[ 6.0 In(0.75)+2.01n (0.25) ], So that response (C) is the correct response. Response (A) gives no 


mixing, response (B) is similar but missing the 7; it uses x; of each component instead. Response (D) is missing 
the correct sign. 


= 0.25. Substituting in the values gives 


Two phases are considered to be in mutual equilibrium when _ 


(A) both are at their critical temperatures. 


(B) the mole fractions of all components are the same in each phase. 


(C) the temperature, 
phase. 


pressure, and chemical potential of each component are the same in each 


(D) molecules are moving across the phase boundary, 


Knowledge Required: Conditions for equilibrium in multi-component systems. 
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a 


h statement about the reaction 


H(g) + Dg) = 2HD(g) is correct? 
a) The driving force for the reaction is the enthalpy of reaction. 


tropy of the reaction, 


(py) The driving force for the reaction is the en 


The driving force for the reaction is the difference in bond energies betwe 
e 
(C) reactants. n products and 


(D) The change in the standard Gibbs energy for the reaction is zero, 


age Required: Driving forces for equilibrium, isotopic exchange reaction. ~ 
ee e 
Knowle £ 


be gapa d on bond energies or enthalpy which has 
answer 


i ust increase with the incr 
of the reaction m 
the entropy 


(B) is correct since 
er of the products. Response (D) 
correct. 


cased arrangement disord 
e that both AH and AS be zero, which has į 


S Just been shown to be in 


For the conversion of A to B at 25°C and 1 atm, AH® = 1.90 kJ-mol- 
that of A at 25°C and | atm. The condition of tempe 


. The density of B is greater than 
Tature and press 
product B over reactant A are 


ure which favor the formation of 


(A) high temperature, high pressure. 


(B) 


(D) low temperature, low pressure. 
‘Knowledge Required: Dependence at equilibrium on temperature and pressure. 
Knowle ` 


high temperature, low pressure, 
(C) low temperature, high pressure. 


ion given i i ion is endothermic, which implies 
i : information given in the problem is that the reaction is en mic, j 
Haren a wale axe under high temperature conditions. In addition, the information is that the N 
ji ais x i fhe density of A. Thus the molar volume of the product is less than that of the ‘eis is 
4 ae aoe will be favored at higher pressure. The correct response is the combination o ig 
ies i 
EA and pressure; response (A) is the correct response. 


Practice Questions 


ter at 25°C is 
1. For many substances near the melting point of 2. The vapor pressure of pure wa 
the solid 


23.76 torr. Which value represents the vapor 
: lution of a 
i iqui i i pressure of an aqueous solution o 
dth de sea aes = us IAV) nonvolatile, e S acid at a 
and the Clapeyron equa Pied Ei 
can be neat 16 aslina the effects of pressure concentra! HA 
on the melting point temperature. Increasing 


(A) 0.238 torr (B) 23.38 torr 
the pressure on such a system by a factor of 


23.76 torr 
52 torr (D) 

two will cause the melting point temperature to (C) 23 

(A) decrease. 


(B) increase. 


(C) remain the same. 
| 
| 


(D) always increase by a factor of 2. 


ni i f 27 
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3. The A,G” values for n-butane and i-butane at 8. Select the thermodynamic crite 


Nn 


ft 


Spontaneous process in a closed eu a 
25°C are pressure system immersed in a ea 
temperature bath. 
n-butane -15.71 (A) AU<0 (B) AG<g 
iso-butane -17.97 (C) A4<0 (D) AS>ọ0 


When an equimolar mixture of n-butane and 


iso-butane is allowed to attain an equilibrium 9. Select the thermodynamic Criterion for a 

te between the two isomers Spontaneous process in a constant volume 
ais system Immersed in a constant temperature 
(A) no iso-butane remains. bath. 
(B) more iso-butane than n-butane is present. (A) AU<0 (B) AG<Q 
(C) the pressure of n-butane is zero. (C) AA<0 (D) AS>0 
(D) the exact amounts of the two isomers 10. 


cannot be determined from this 
information. 


. The standard Gibbs energy change, AG”, for a 


certain chemical reaction is -10.0 kJ-mol”'. 
The equilibrium constant at 300 K is about 


(A) 0.0181 (B) 1.00 
(C) 4.20 (D) 55 


. When a transformation occurs at a constant 


volume and temperature, the maximum work 


which can appear in the surroundings is equal 
to 


(A) -AA. 
(C) -AH. 


(B) -AG. 
(D) -AS. 


- Ifa chemical system is at equilibrium at 


constant 7 and P, what thermodynamic 


function for the system must have a minimum 
value? 


4) C BH OG ws 


- When a transformation occurs spontaneously at 


constant 7 and V, the signs of AA for the 
system and AS for the universe must be 


——Meswem) __ASiwriversey 


(A) Positive Positive 
(B) positive negative 
(C) negative positive 
(D) negative negative 
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When the reaction, A(g) = B(g), reaches 


equilibrium at a constant total Pressure of | atm 
and a constant temperature, T, the pressure of A 
is twice that of B (P, = 2P,). What is the value 
of AG” for this reaction? 


(A) -RTIn6 
(© RTIn3 


(B) RTIn2 
D) RTIn6 


Answers to Study Questions 


5.C 
C 6. C 
A ts © 
3, C 8. C 
4, B 


i swers to.Practice Questions. 


5. A 
1. B 6. c 
2, C TC 
3. B 8. B 
4. D 


5% 
JaA 


— eer 
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Kinetic Molecular Theory 


ical chemistry deals with many gaseous systems, in large part because the ie 
se aii model for bulk behavior in terms of ee Ses of ei x wi iene Thus, thie 
applications including solids and liquids are important to thin a sire deca pies ar motions, the aS Phase 
is normally the starting point for developing models capable of bui : a 1s bridge. The kinetic molecular theory 
of gases is used to describe the bulk behavior of gases based on molecular motions. 


y can be described 


ineti the behavior of molecules, 
Because kinetic molecular theory addresses sit my 
begin with postulates about the system. To develop the model, we assume the postulates to be true, though they . 
may address factors that are impossible to observe, and then infer what macroscopic samples of the gases must do 
based on these postulates. Thus, kinetic molecular theory begins by postulating that 


which are individually invisible 


e Gases are composed of particles in constant random motion. 


The volume of space between particles in a gas is much larger than the volume of the Particles 
themselves, so their volumes can be ignored. 


Particles in a gas do not interact with each other or the walls of their container except when they 
collide and the collisions are elastic when they occur. 


The temperature of a gas is related to the average kinetic energy of the Particles in the gas. 


It may seem difficult to imagine the wealth of information that 


ferred from just this much information. The actual derivati 


ook at questions that 


An instantaneous “snapshot” 


helium (bp = 4.2 K) at 298 K 
sketch at right. 


of a sample of gaseous 
might look like the 


Which snapshot best re 


cooling helium to 250 
conditions? 


Presents the sample after 
K under constant volume 


(A) 
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Kinetic Molecular Theory 

i ined: Conceptual pic `ar: spe 

paor? Regu onceptual picture of arrangement of gaseous specie: 
gas cies. i 


| paaetdeg È TArvugà: The fundamental assumptions involved in the kineti 
roy mokeules be evenly distributed throughout the Q Kinetic molec 


a À ular theo; 
3 Ss ARAA 3 container, ry of gases ; 
x distridutad in response (B), which must then be a The only response which has the miplepdice that 
7 : es 


| even 


~ 


Ko The speed distribution 
function, A(s), ofa 
given gas at four 
temperatures is shown, 

Which trace F(s) 
corresponds to the 

highest temperature? 


| 


b 
MEN 


Mo a D) 4 


= z ~ Sac oe - 
Knowledge Required: Effects on distribution functions as mass and temperature change 


(A) 1 (B) 2 


Thinking it Through: The speed distribution for a gas extends from 0 to + œ and looks like 
2. m? 2AT : : 
(constant) x s ~ è = . Responses (B) and (C) are intermediate temperatures and thus not reasonable 
answers. Trace | corresponds to a lower temperature than trace 4. In this problem, with constant mass, trace 4 
nds to the higher temperature, and thus (D) is the correct response. 


KMT-3. For the hypothetical molecular speed 
distribution shown, the relationship 
between the most probable speed 
Sup, the average speed Say and the 


root-mean-square speed Sms is F(s) 


(A) Smp < Sav < Sms- (B) Smp <Srms < Sav: (C) Smp = Sav < Sms- (D) 


Knowledge Required: Relationship of most probable, average, and root mean square speeds to shape of 
probability distribution. 


Thinking it Through: The highest point corresponds to the most probable speed. The symmetry a prune ; 
about the highest point makes the average speed and the most probable speed to both have na n “ iea ns 
point. The straight line behavior of the function causes the root mean square speed to also have the 

maximum. Thus response (D) gives the correct response to the question. 
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Kinetic Molecular Theory 


The Maxwell distribution for molecular speeds can be written in the form: 


KMT-4. 


3/2 
m stem aT) 
2nk,T 

in which s is the speed of the molecule. The other symbols have their standard 


F(s) = a 


total number of molecules, N, the average speed of a molecule can be calculated fone ani 
™>10n: 
(A) Dar ~(ms?/2kgT) 4g mY on) ] E 
dz) Js : 2akgr) J SEO HM, 
(C) E 3/2 œ PPE (D) 2ml k i ere 
[| Joe waist) [ten 


Knowledge Required: Evaluation of averages from a probability distribution. 


Thinking it Through: The average of a probability distribution is found by evaluating JF(s) s ds over t 
s. In this case, the speed the range extends from 0 to +oo. Thus, the average speed is given by response (A). 
Response (B) is incorrect for two reasons, there is an additional factor N in front of the integral, and s is raised to 
the second power rather than s - $? = £. Response (C) is incorrect because of the factor of N in front of the 
integral. Response (D) is incorrect because of the factor of m in front of the integral and of s* within the integrand, 


he Tange of 


KMT-5. At what temperature will the average velocity of He be equal to that of N, at 298K? 


(A) (298 K) (4/28) (B) (298 K) (28/4) 
(C) (298 K) (4/28)* (D) (298 K) (28/4) 


Knowledge Required: Formula for the most 
mass and temperature. 


probable, average, and root mean square velocities as function of 


1/2 
Thinking it Through: sr) , 


The average velocity for a molecule at a given temperature is given by ¥ = & 


where R is the gas constant, T the temperature in K, and M the molar mass in kg-mol”'. Setting the two average 


ace 
velocities equal we arrive at ea = l N; 


1/2 
or on cancellation of terms 
He ™ y 


2 


Tue = Ty, [i = 294) or response (A) because responses (B) and (C) still have a square root (-% or +), 
2 


and response (D) incorrectly has 28/4. 


KMT-6. 


For O; at 300 K, which quantity is the largest? 


(A) the average speed (B) the most probable speed 


(C) the root mean square speed () all of the above have the same value 
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Kinetic Molecular Theo 


Knowledge Required: Formula for most probable, average, and root ae p = 
P perature. mean square speeds as function of mass and 


(2r 1/2 

1/2 1/2 

ay (2#7) " ) ' 
-|22| ,and s,,,=|——] . Because 3 > 

Save í nM M 8/n > 2, the root mean Square speed has the largest valu f 
the three. Response (C) is thus the correct response. ii 


Thinking it Through: The most probable, average, and root mean square speeds are related b 
related by s = 
mp 


KMT-7. For an ideal gas, the kinetic theory of gases predic 


: > ts the mn — 
particular molecule to be directly proportional to number of collisions per unit time for any 


ressure. 
(A) p (B) temperature. 


(©) molar mass. 


(D) molecular diameter. 


Knowledge Required: Definition of collision rates in terms of quantities, conversion of number densities 
Thinking it Through: The kinetic molecular theory of gases | 
molecule is proportional to the number density of the other molecules in the gas i ionali 

ns i phase. This proport 
number density makes the number of collisions proportional to the pressure of the gas phase taleas hd any 
(A) is correct). The dependence on temperature is not a direct proportionality because it is inversely Boenia 
to the temperature in the number density term and proportional to the square root of the temperature in the veloci 
term. The molar mass proportionality is also not direct but rather through the square root in the velocity term The 
number of collisions is also proportional to the molecular diameter squared. Thus responses (B), (C), and D) are 


incorrect because of the lack of direct proportionality; they are proportional to these properties to some power other 
than one. 


predicts that the number of collisions of one gaseous 


KMT-8. At room temperature and pressure, what is the approximate collision frequency of nitrogen molecules 
with a 1—cm* surface? 


(A) 10°" s7! (B) 10° s`! O 108s! (D)  m0”s' 


Knowledge Required: Order of magnitude of various quantities related to collisions with other molecules and 
walls. 


Thinking it Through: The formula for the number of collisions of gas phase molecules per unit time per unit area 
is Zn =(1/4(N/V)S5 where z,,,, is the number of collisions per unit time per unit area, (N/V) is the number 


density of gas phase molecules, and Sis the average speed. Since (N/V) is about 10'? molecule cm” for room 
temperature and pressure, and the average speed is about 10° cms”, Zy is about 10” s”' (response (C)). 


KMT-9.__ Ina 1 L bulb at | bar, which noble gas is expected to have the largest hard sphere collision cross 


section at 300 K? 

(A) Ne (B) Ar (C) ž Kr (D) Xe 
ee 
Knowledge Required: Relative size of molecules and how that affects collisional properties. 


pty : . i i descend through 
Thinking it Through: In general, the molecular size (radius, and thus diameter) increase as you 
the periodic table within a given group. Thus you would expect Xe to be the largest of this group of Group 18 
elements, and response (D) would be correct. 
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Kinetic Molecular Theory E 


nolecule of mass 7 has a mean kinetic energy proportional to 
hase, a n 
KMT-10. Jn the gas p 


‘ B) m © m“ (D) mn! 


a) m ee ce a eta 


temperature are changed. 


distribution properties as mass and 


Ricowledge Required: Effects on 


2 1 2 
ee ic giyen by the average value of (“2)ms", or (4)MS,ms”, Where ¢ 
The mean kinetic energy EE. Sms? = (3kg T/m), and the average kinetic TE Sig 


Sms” | 
Pe is independent of the mass of the molecule. Response (D) is thus the 


Thinking it Through: 


translational degree of freedom, there is a 


n theorem tells us that, for each 
he average kinetic energy of 
E) Cb? © Cher D (er 


evels and distribution of energy across types of energy, 


The equipartitio 
contribution to t 


(A) kT. 


KMT-11. 


Knowledge Required: Statistical treatment of energy l 


Thinking it Through: In the last problem we showed that the average kinetic energy in 3 dimensions is (3/2)kgT. 
Thus for each dimension, (4)kg7 is contributed, and the correct response would be response (C). Another way of 
remembering this fact is that each quadratic expression (translational energy, or the potential energy for a 
harmonic oscillator) contributes (14)kgT through the equipartition of energy. 


Practice Questions 


1. A plot describing the distribution of speeds in a 2. On the plot, the 
gas is shown below, where F (s) = H2) rere dig 
N J\ ds sgi 
indicated by a, 
and the 
corresponding 
F(s) , fraction of 
molecules is b. 
i Increasing 
s, s, temperature 
s causes 
The fraction of molecules having speeds (A) 
between s; and sz is given by 


is the Maxwell distribution function. 


both a and b to increase. 


a : (B) both a and b to decrease. 
f F (s)ds (B) f’ sF (s)ds (C) 


(C) v3 7 à 77 D 3C Q] increns 
[F (s)ds (D) [sF (s)as (D) ato decrease and b to increase. 


a to increase and b to decrease. 


Scanned by CamScanner 


_ 


Consider the speed distribution shown, As the 
temperature increases 


F(s) 


s 
(A) the maximum stays at the same speed. 
(B) the area under the curve increases. 

(C) the distribution narrows. 

(D) the maximum moves to the right. 

, In the gas phase, a molecule of mass m has 
mean speed proportional to 

(A) m° (B) m 

(C) m* D) m 

. Which is true for the distribution of molecular 
speeds (s)? 

(A) Sroot mean square 7 Smean ~ Smost probable 

(B) Smost probable > Soot mean square > Smean 

(C)  Sroot mean square > Smost probable 7 Smean 


(D) Sroot mean square = Smost probable > Smean 


. If the temperature is doubled, then the average 
speed of the molecules in an ideal gas will 
change by a factor of 


(A) (%)” (B) % 
(C) (2) (D) 2 
. The collision rate between molecules Kr and 


Ar ina 1 L bulb of gas filled with equal 
amounts of Kr and Ar 


(A) increases with increasing pressure. 
(B) decreases with increasing pressure. 
(C) is independent of pressure. 


(D) is the same as the collision frequency 
between Kr and Ar atoms. 
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Kinetic Molecular Theory 


In collision theory for the gas-phase reaction 


A+B > products 


the reaction cross section, G,, is directly 
Proportional to the rate constant. The value of 
this parameter is determined by the 


(A) square of the diameter of A. 
(B) square of the diameter of B. 
(C) square of the sum of the radii for A and B, 


(D) sum of the van der Waals radii of A and 
B. 


. The most probable energy of a molecule in a 


gas at temperature T is given by 
(A) (3/2) kgT. 


(B) taking a statistical average of the energy 
distribution for the molecules. 


(C) finding the maximum in the energy 
distribution function for the molecules. 


(D) integrating the energy distribution 
function for the molecules. 


Which set of 
relations is true 
concerning the 
plot of the speed 
distributions in 
one dimension for 
two gaseous d 


samples | and 2 of mass M, and M,? 
(A) M,> Mand 7, < T, 
(B) M, <M, and 7, = 7, 
(C) M,=M,and 7, > Tr 
(D) M< M: and 7, > 7; 


Kinetic Molecular Theory 


Answers to Study Questions 


LB 5. A 9. D 
2. D 6. C 10. D 
3.D 7. A 11. C 
4. A 8. C 
Answers to Practice Questions 
1A 5. A 9.C 
2.C 6. C 10. A 
3. D 7. A 
4.C 8. C 
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Transport Properties 


ansport properties ar ae ‘ 
The transp 5 p e those properties involving transfer of molecul 
transport of materials in the gas phase, for example, has s . €cules across boundaries. The idea of 
to the movie theatre you ve experienced them because you smell the popcorn th 
snack counter is across the room. Somehow the molecu Pcorn the moment you walk in though the 
| pcorn were transferred from one area to another. In o 
concept of a boundary, even an imaginary one (somewhere b 


Recall from kinetic molecular theory, that gas molecules are in constant rando : 
collisions with other molecules in the gas. Our models of transport properties ee and undergoing 
and account for them in gases. Thus, we need to gain a feel for the distance a Eae A teh sis See 
as this distance is surely related to the transport Properties. Because of the rando avels between collisions 
however, in most laboratory experiments the distance traveled bet m nature of molecular motion, 


: ween collisions is a variable an 
efficient way to describe the system is to consider the mean free path, or the average distance saan coll i 
Ollisions. 


While gas phase systems provide a good starting point for this type of study, it is also important that w 
consider transport processes in liquids. Ultimately, chemical reactions are carried out more often in li nis d 
gases than in solids, so once we can understand transport in these phases we will have a good start in ihe ner of 


kinetics. For liquid phases we consider the conductance and the Deb ü zani 
‘ ye-Hiickel theory fi i 
examples of transport properties. ry for ionic solutions as 


S 


Finally, because it is possible to take advantage of transport properties to separate components of a chemical 
system we include a few problems that examine rates of processes involving the physical separation of materials. } 


_Study Questions 


TP-1. 


Which property of a gas depends on the mean free path of the molecules? 
(A) the viscosity coefficient (B) the average molecular speed 


(C) 


the average molecular kinetic energy (D) the average momentum in the x-direction 


Knowledge Required: Dependence of gas phase transport properties on molecular properties. 


Thinking it Through: Responses (B), (C), and (D) are all properties of the distribution of molecular speeds or 
velocities and can not be a correct response. The viscosity coefficient does depend on the mean free path (A) of 


the molecules as n = (1/3) MAS [A]. Thus response (A) is correct. 


For nitrogen gas at room temperature and pressure, the mean free path of the nitrogen molecules is 
approximately 
(A) Im B) 10°m (Cc) 10°m D) 10m 


TP-2. 


Knowledge Required: Order of magnitude of gas phase collisional properties. 


inking i is gi = -1 within factors of the square root of 2. For Np 
Thinking it Through: The mean free path is given by À (NI), man AE cant thus = (10) oy" 


at room temperature and pressure (N/V) = 2.5 * 10! molecules cm™ 
= 10° cm or 10° m. Response (C) is correct. 


SS 
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Transport Prope ue 


Tecule depends on temperature T, molecular radius +, and Pressure p 
(0) . 


th for a gas m 
h is proportional to 


The mean free pa 
The mean free pat 


-3. 


— 


(B) £ rP TP 


(A) 7r°P 
properties and their dependence on fundamental molecular and — 


Knowledge Required: Gas phase collisional 
macroscopic properties. a = (0(N/V)) | within factors of the square root of 

th is given by À = (o(W/I i l pe 
Through: EIT o in fee ofr, P, and T, À is proportional to (P PIT)" or Thr2p. te 
T 


Thinking it } Á 
Substitution gives 2 = 
(C) is correct. 


trogen, oxygen, fluorine, and neon from slowest to fastest rate of effusion at 1 bar 


Order the gases ni 
and 298 K. 


(A) F,<O2<N2<Ne 


(B) N,<0O,< F,<Ne 
(D) Ne < F,<0O)<N, 


(C) Ne<N2<02<F) 


Knowledge Required: Gas phase collisional properties and their dependence on fundamental molecular and 


macroscopic properties. 


Thinking it Through: The rate of effusion is proportional to the inverse square root of the molar mass of the 
molecule. Thus the rate of effusion of the heaviest molecule is the slowest, and the lightest molecule effuses the 
fastest. Responses (A) and (C) order the molecules by molar mass. Response (A) from slowest to fastest (correct 


response) and response (C) from fastest to slowest (incorrect) 


, while that of AgNO; is 


At 25 °C the molar conductivity of Ag* ion is 61.90x10* m?-ohm mol” 
133.3610“ m-ohm™-mol”'. The transport number for the Ag’ ion is 


(A) = 71.46«10 (B) 0.4642 
(C) 0.5358 (D) 2.1544 


TP-5. 


Knowledge Required: Definition of transfer number in terms of conductivities 


Thinking it T : 
& it Through: The transference number / transport number is the fraction of the current carried by a given 


lon. Thus the transference number for the silver ion is ae 2 Nags 61.90 0.4642 indicatine th 
iS =0. in t 
w tAn Aamo, 13336 diii 


response (B) is the correct response. 


When the reaction 


: 2+ -n 

is studied in pure water A” +2X ~> B+ yz 
: , aque 

media would be in the oan EEM NaCl, and 1.0 M NaCl, the apparent rate constants in these 


(A)  k(pure) > kK(1.0 M)> 
: k(0.1 M) 
O KLOM 101.4) ko (B)  KO.1 M) > (1.0 M) > Kpure) 


ri ae A(pure) > k(0.1 M) > k(1.0 M) 
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Thinking it Through: The Debye-Hiickel theo ioni Hückel theory of ionic solutions. 
ionic solution is given by 


log k = log k° + 2Azazpl'? 


The molar conductivities (in units of ohm` 
cm“ mol) in infinite dilution (Ag) are given 
in the table. The value of Ag for à eee ey 
CH;COOH(aq) in the same units is Na(CH,COO\a) a 
H*(aq) 349.8 
OH" 


(A) 214.5 (B) 390.6 (C) (D) 643.6 


Knowledge Required: lonic solutions, mol 


ar conductivities of multi-component solutions, 


Thinking it Through: The molar conductivity is an additive property of ionic solutions. From the given data, the 
molar conductivity at infinite dilution for acetic acid can be obtained from ` 


Ao(CH3COOH) = A (H*) + A(CH;CO07) 
= Ao(H") + (Ag(NaCH;COO) - Ao(Na*)) 
= Ao(H") + Ao(NaCH;COO) — (A,(NaC)) - A(CI)) 
= Ao(H") + Ag(NaCH3COO) — Ag(NaCl) + (AHCI) - Ao(H")) 
= Ao(H") + Ao(NaCH3COO) - Ag(NaCl) + AHCI) - Ao(H”) 
= 91.0 — 126.5 + 426.1 = 390.6 


Thus response (B) is the correct response. 


TP-8. 


A particular f-RNA molecule takes 80 ms to diffuse 1 um from the interior of a cell to the cell wall. 
How long will it take to diffuse 2 um to the cell wall of a bigger cell? 


(A)  40ms (B)  80ms (C)  160ms (D) 320ms 


Knowledge Required: Diffusion rate dependence on distance, time, and molecular properties. 


Thinking it Through: Diffusion is a process characterized by a Gaussian distribution of the distance of the 
molecules from their starting point. The distribution is characterized by the width of the distribution which is 
equal to 2(Dt/n)"?, where D is the diffusion coefficient and ¢ is the time. Thus the distance diffused is proportional 
tor. Ifa molecule diffuses 1 um in 80 ms then it will take 4 times as long (or 320 ms) to diffuse 2 um, thus 
response (D) is the correct response. 


The rate of sedimentation of a molecule in an ultracentrifuge does not depend on 


(A) viscosity of the solvent. (B) speed of the centrifuge. 


shape of the molecule. 
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Knowledge Required: Sedimentation rate dependence on parameters. $ 


Thinking it Through: The sedimentation rate will depend on the viscosity of the solve 
viscosity increases, thus response (A) is incorrect. The speed of the centrifuge influences the force on the 
molecules, which changes the rate of sedimentation, thus response (B) is incorrect, If you consider a cylindri 
molecule, the rate that the molecule moves through the solvent will depend on the are ical 


dey rea of the cylinder (if tilted 
this increases) moving down through the solvent, thus response (C) is incorrect. This leaves response (D) to be 
the correct answer. 


nt by slowing down as the 


If E is the energy required to break up a cluster of molecules ina liquid, then the Viscosity, n of th 
liquid is approximately > e 


(A) proportional to e®®”, (B) proportional to et®®n 
(C) proportional to 7°. (D) independent of temperature. 


Knowledge Required: Scaling of energies for processes, energy distributions. 


Thinking it Through: The probability that a molecule has energy greater than E is a 
e* FT which eliminates the possibility of responses (C) or (D) being correct. 
increases, thus e*/*" will decrease as temperature increases and e"/*? 


Pproximately Proportional to 
E/RT will decrease as temperature 


will increase as temperature increases, 
Experimentally, the viscosity decreases as temperature increases, maki 


ng the viscosity proportional to e£/*7 and 
response (A) the correct answer. 


Practice Questions 


1. The transport number for H” in an aqueous 


solution of HCI can be estimated from the data 
given as 


Which plot best represents the concentration 


dependence of the molar conductance for dilute 
strong electrolytes? 


HCl(aq) 426.1 (a) ®) 
NaCl(aq) 126.5 A A 
Na(CH3;COO)(aq) 
H’(aq) r- 
~Cac T 
OH (a JE 
A) 0.3599 B) 0.5623 
(A) (B) 3 (C) (D) 
| (C) 0.8209 (D) 1.7783 
| A A 
| 2. The mobilities of H* and CI’ in water are 
3.62x10° cm? -s™! -V" and 7.91107 
| cm’-s'-V"' respectively. When a voltage is € e 
applied across an HCI solution, the percentage ; 
of the current carried by the positive charge is 4. Which plot best 
represents the 
(A) 82.1% (B) 50% concentration 
(C) 31.3% (D) 17.9% dependence of the 
molar conductivity 
of a weak 
electrolyte? 
(A) A (B) B 
(©) C (D) D 
40 
on 
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Transport Pro Tties 


5. 


The mean free path for a spherical gas 
molecule is inversely proportional to 


the radius of the molecule. 


(A) 
(B) 
(C) 


the diameter of the molecule. 


the square root of the radius of the 
molecule. 


the square of the diameter of the molecule. 


(D) 
The units for heat flux are 

(B) s~ 

(D) J-s'sm? 


(A) J sm? 
(C) Js 


In general, for ions reacting in solution, the rate 


increases between ions of like charge as 
ionic strength increases. 


(A) 


decreases between ions of like charge as 
ionic strength increases. 


(B) 
(C) 
as ionic strength increases. 


(D) is independent of ionic strength. 


The mean free path of the molecules in a gas at 


1 atm pressure and 25°C is 
(A) 
diameter. 


the same as at 10 atm pressure. 


(B) 
(C) 


inversely proportional to their collision 
frequency. 


independent of their diameter. 


(D) 


In the design (or construction) of a vacuum 
system, large diameter tubing is essential for 
the main manifold. The property of gas 
molecules being considered in this instance is 


(A) 
(B) 
(C) 
(D) 


collision diameter. 
root mean square velocity. 
mean free path. 


average molecular mass. 
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increases between ions of opposite charge 


directly proportional to the square of their 


10. 


-41 


Which of the properti 
perties of a gas 
mean-free path of the me ae 


(A) the viscosity coefficient 
(B) the average molecular speed 
(C) the average molecular kinetic energy 


(D) the average momentum in the x-direction 


Transport Properties 


Answers to Study Questions 


LA 5. B 
2.C 6. D 
3.C 7. B 
4A 8. D 
Answers to Practice Questions 
1. C 5. D 
2. A 6. D 
3. B 7. A 
4. D 8. C 


Scanned by CamScanner 


—_ 


sxs 


> 


eenean ee 


Sa miia 
ee ee 
a te 
ee in 


V 
> 
D 
=| 
Q 
= 
© 
= 
2 
Q 
2 
O 
2 
A 
S 
® 
= 
9 
7 


and the mathematics describing 
l kinetics. 


| There are a number of factors that influence the rate of reactions, and among the first to be studi 
s stematically was the effect of the concentration (or amount) of substances present. Studies f- x ied l 
dependence of kinetics resulted in the definition of both the rate and the rate law. Se raiconcentration 


The fundamental premise of a rate law is that the rate is proportional to the co ; . 
some small, commonly integer, power. ncentration of reactants raised to 
| Rate œ [X]’ 
| where we are designating the reactant of interest as X and the exponent y is the small integer (or half integer.) 
These integers can only be determined by experiments, but once they are known, the rate law provides a wealth of 
information about the time behavior of the reaction it describes. Given its utility it is not surprising that there are 
actually multiple ways to determine the rate law and this chapter provides several questions to provide some 
breadth of experience in this form of kinetics problem. 


The determination of a rate law is important mostly because once we know it we can make predictions about 
! the progress of the reaction. For an individual reaction, we would most likely wish to know an expected 
| concentration at a given time, but the fact that the rate law is similar for many reactions allows us to use this idea to 
i compare rates of reactions. There are several ways that this might be accomplished, but perhaps the most common 
| is to determine the half-life of the reaction. The half-life is defined to be the amount of time it takes for the 
concentration (or amount) of a limiting reactant to fall to one-half its initial value. 


| 
| 
| Concentration of reactants is not the only variable that can be manipulated in a kinetics experiment, however. 
Common experience also tells us that temperature plays a role in how fast a reaction takes place. At higher 
temperatures reactions usually proceed more quickly. At the macroscopic level, the temperature dependence of 
kinetics is generally described by an equation attributed to Svante Arrhenius, 
| -E, 

k= Ae Yar 


Our final questions look at Arrhenius behavior of chemical kinetics. 


| Study Questions 


For the reaction 2NO,(g) + F.(g) > 2NO2F(g) ther 


(A) (2) d[NO;]/dt = d[F2]/d¢ (B) (2) d{NO2}/d¢ = d[F.]/de 
(C) d[NO,]/dt = d[NO2F]/dt (D) d[F,]/dt = -d[NO;F]/dt 


ates of changes of concentrations are related by: 
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~ 
Phenomenological Kinetics 


n, 


Knowledge Required: 


Rate laws, definition of reaction rate 


Thinking it Through: The definition of the rate is given by 


Rate = US 


v, dt 


where the v; are the stoichiometric coefficients for species i (positive for Products and Negative for reactants 
c is the concentration of species i. Thus, for this reaction ) and 


2]__14{F,]_ 1 d{NO,F 
Rate = 1 S{NO,] _ _1 d[F,] _ 1 d[NO,F] 


2 df Ild 2 dt 


so that response (A) is correct. Re 
incorrect because ther 
factor of 2. 


sponse (B) is incorrect because the 2 is not in the denominator. Response (C); 
e should be a negative sign present, and response (D) is incorrect because of the Missing ) is 


Initial rates, Ro, for a reaction A+B > products, 


which takes place in the presence of a catalyst C, were 
measured at 298 K for different initial concentrations of 
A, B and C (in mol dm™), Assuming that the rate 
equation has the form 

Rate = k [A]* [B}* [cy 
The values of a, B and y are: 


y=3 


iple experiments with concentration 
Thinking it Through: 


The form of the rate law is 
3, and 4 from the top, 


given in the problem. Identifying the four experiments as 1, 2, 
we can write 


Rate, 2 KLAJ, [B]$, [CR 
Rate, {ATs [BP [CI 


where the i, j’s correspond to the different experiments, Selecting experiments 1 and 2 allows cancellation of the 
terms involving k, [B], and [C] to give 

1.79 1.20} 

0.60 \0.40 


5.41 (ey 
0.60 \0.60 


from which y is found to be 2, thus response (B) is correct and response (A) is incorrect. 
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Phenomenol ical Kine 


tics 


Which plot of concentration-time dat 


PK-3. 


a will produce a Straight line for 
én g against t (B) c against ¢ 


4 zeroth order reaction? 


=j . re 
K g against! (D) In c against ; 
idge Required: Linearization of concentration-time data for various orders e 
Knowle A ; 
F oth order reaction, the t i he el 
sinking it Through: For a zer e time dependence (integrated rate law) is given by 
c= co- kt 


: i xi ill be linear with intercept dsl i 

f c(y axis) against f(x axis) wi EPt co and slope —k. This leads to 
Thus a ae eed (A) would be correct for a second 

being CO s 


i response (B) 
order reaction, response (C) is always incorrect (C'on 

i< is not used), and response (D) would be correct for a first order reaction. 

xaxis | 


For the reaction, A — products, a plot o 


f the concentration of A vs. time is 
linear. What is the order of the reaction? 


t 
(A) zero (B) first (C) second (D) third 


een ree eto, 


‘Knowledge Required: Linearization of concentration-time data for various orders. 
n 


Thinking it Through: The integrated rate law ex 


pressions for zeroth through third order kinetics of 


l l l l ; 
7" Ek, d Tap fap 734i , respectively, Thus the lot shows 
DLI T ee tet 


[A]-[A], = -kt pA), =-kt, 


In[A] ag 


ainst / as linear; thus the reaction is first order and the correct response is (B). 


Consider a reaction that is first order in both 
pseudo-first order reaction if 


reactants A+B — products, 


The reaction becomes a 


(A) the temperature is raised by 10K. (B) a Catalyst is used. 


(C) reactant B is present is large excess, (D) 


equilibrium is established, 


ren nee 


Knowledge Required: Rate laws, definitions of pseudo-order reaction conditions, how to make reaction become 
pseudo-order, 


Thinking it Through: The rate law for a reaction that is first order in both reactants is given by 


Rate = k [A]' [B]! 


In order to become a pseudo- 
concentration becomes invari 
Correct response, In respons 
Incorrect, In response (B), a 

Y making it Pseudo 
rate law, and is thus 


first order reaction, either A or B must ne present aa ten pia j AE 
i resen 5 
: nse (C) gives the case where is p one 
a pe aa changes typically do T ose fae coat rk A 
i i te law by increasing the 
catalyst typically affects the ra 


ing to do with the 
-order, thus is incorrect. The equilibrium response of response (D) has nothing 
incorrect, 
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4 M l 


d to examine reactions on the 10`” second time scale. These 


ond spectroscopy can be use 
seful for 


ster than a single vibration. 


PK-6. Femtosec 
experiments are most u 


(A) reactions that are fa 
(B) diffusion controlled reactions. 
(C) typical laboratory organic reactions. 


(D) reactions that require adsorption on a surface. 


l techniques 


for types of reactions. 


Knowledge Required: Experimenta 


Thinking it Through: One femtosecond is 10°% s. Response (A) compares this time with that of molecular 
atn seconds). Response (B) compares this time with that of diffusion controlled reaction 10°- 10° 
l ; h that of your organic laboratory reactions (minutes to hours). 


seconds). Response (C) compares this time wit ) r i ) ho 
POERA (D) ae this time with that of reactions requiring adsorption on a surface (requires colliding with 
the surface which is of order 10 seconds). The shortest of these time scales is that of response (A), which is the 


correct response. 


and half-life t, for a zeroth-order 


The relationship between rate constant k, initial concentration Co, 


reaction is 


(A) l,= 1/kco 


(B) t= (In2v/k (C) te = ke (D) th, =co2k 


Knowledge Required: Definition 


Thinking it Through: The general definition of the half-life is the time required for the concentration to decrease 
to % of the original amount. For a zeroth order reaction, the time dependence (integrated rate law) is given by 


c= co- kt 


Substitution of c(t,,) for c(t) and ¢ = ty, gives 
Co/2 = co — k ty, 


and ty, = co/2k (response (D) is correct). 


Two first-order reactions have identical pre-exponential factors; their activation energies differ by 
25.0 kJ-mol . The ratio of their rate constants at 25°C is 


(A) 50 (B)  2.4x10° (C)  6.1x10f (D)  1.7x10? 


Knowledge Required: Arrhenius explanation of temperature dependence of reactions 


-£ 
k z Ae sais 


k, Aee 


Since A; = A3, this ratio can be rewritten as 
k 


nad ie eo Eu- VRT 


= et 25,000/((8.314X298)) 


= 4.1x10° or 2.4x10* 


2 


9 -l 1 “1S so sm i 


answer choice, so (B) is the correct response | 
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or the concerted reaction 


F A+B > CFD 
PE E (forward ; 
Therefore, £, (in units of kJ-mol ') for the retail 846 kJ-mol"! 
n is 


PK-9. 


19 B 
(A) (B) 27 © i 


g owledge Required: Diagram of energy as a function of reaction c bes oe 
pee products and the transition state 
rea á 


-ting it Through: The conventional diagram of t / i 
Thinking f x) shows the energy difference “sore bai io f 
rier 10 the reaction between reactants and products. The height of this res Bere 
TE nds to the activation energy for the forward reaction when moving to ihe igh i 
Ti activation energy for the reverse reaction when moving to the left. In this ests th om 
height of the nae for eee p Nei = 46 kJ-mol"' + 27 kJ-mol' ` 
3kJ-mol'. The correct answer is response (D). Response (A 

of ect. Responses (B) and (C) correspond to the a ech ved aie a S ee ete 

, rrect responses, 


oordi i a ier 
dinate, relations between energies of 
o 


Reaction Coordinate 


The gas-phase reaction 2NO, + O; > N20; + O, 
300 K. What is the order of the reaction? 


0 (B) l 
2 
© 2 (D) Unable to determine with the data given. 


has the rate constant k = 2.0x 10° L-mol "s a 


Knowledge Required: Units as indicators of reaction orders 


d[A] 


Thinking it Through: The rate law expression is given by ae -k [A]" . Thus the units on the rate constant, k, 


are mol:L`-time™!/(mol- L'Y. Since the given units of the rate constant are L-mol”!-s~' the value of x (the order) is 


2, and response (C) is correct. 


Practice Questions 


1. When the time dependence of the reaction 


2. The chemical reaction 
A+B> C 


A+B> C 


was studied at different 
| initial [A] and [B], the 
| relative rates were shown 


is first order in A and first order in B. When 
the initial concentrations of A and B are both 
equal to co, the initial rate for the reaction is 


proportional to 


[A] [B] Rate 


| in the table. 


| From this data one concludes that the overall (A) a constant. (B) co. 
rate for this reaction is 3 : 
(C) cò. (D) co. 
(A) zero order, (B) first order. 
c : 3. The chemical reaction, d[A] =_HAP 
(C) second order. (D) third order. A => products, is found “ar [A] 


| 
| to have arate equation  — 
The half life for this reaction 1s 


(A) independent of [A]. 
(B) proportional to 1/ [A]. 
(C) equal to k. 

(D) zero. 


AT 
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o? 
Y 
ke 
| Phenomenological Kinetics 
| 8. Which correctly expresses the ratio of the rate 
l h constant at 30 °C to that at 25 °C? 
4. For the * 
| reaction kso | kas 
| A —> Bthe tents 
| concentration (A) 303° -298 
(B) 30°'-25"' 


| of A varies as 

| shown. The 
reaction must 
be first order 
with respect to 
[A] because 

the half-life of the reaction is constant. 


(C) exp[-(E,/R)/(303"' — 298"')] 
(D) exp[-(E,/R/(30"' - 25")] 


For a second order chemical reaction, the units 
for the rate constant (k) are 


i 
(A) 

| (B) the half-life of the reaction is inversely (A) (concentration)(time)” 
i to [A]. . iss 

| Poel nat ional (B) (concentration)? (time)' 

| (C) the half-life of the reaction is proportiona en E 

j to [A]. (C) (concentration) “(time) 

| (D) [A] is independent of the half-life. (D) (concentration) '(time)! 

5. For 2H;0,(aq) -> 2H;O(I) + 0,(g), which plot 10. A first order reaction in solution might be 
confirms that the reaction is second order with followed by absorbance measurements. Which 
respect to H202? quantities would have to be measured to 

| determine the rate constant, assuming the 


wlio.) absorption spectra of the reactants and Products 
ie do not overlap? 


(A) The absorbance at the start of the reaction 


t t- 


(B) The concentration of the starting material 


(A) (B) 
+ 
(C) (D) 
[H.0,] vio] (C) The extinction coefficient or molar 
absorptivity of each reactant and product 
R (D) The absorbance of the reactant at two 


different times 


[H;0;] A 


t=- 


j 6. Ifthe rate constant for a chemical reaction is ky 
at 300 K, the activation energy is E, (kJ-mol"'), 
and the pre-exponential factor, A, is not a 
function of temperature, then the rate constant 
at 310 K is 


(A) koexp[-(E,/R)(1/3 10 — 1/300)] 
(B) koexp[-(E,/R)(1/310 + 1/300)] 
(C) koexp[-(E,/R)(1/300 — 1/310)] 
(D) koexp[(E,/R)(1/310 + 1/300)] 
7. Under what conditions will the temperature 


dependence of the rate constant (dk/dT) be 
greatest? 


(A) low temperature, small E, 
(B) low temperature, large £, 

(C) high temperature, small E, 
(D) high temperature, large £, 
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5. C 
| 1. À 
| 2, B 6. A 9, D 
| 3, B 7. D 10.¢ 
| 4, B 8. B 
| 3 
| Answers to Practice Questions 
| 
| 1. D pi 
2. D 6 A 9. D 
| 3, B 7. B 10. D 
4, A 8. C 
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Mechanisms 


f molecular collisions as devised by asa ae theory we realize thar 
If we think about the nature O° 1 s of steps. The probability of a type of collision occurring depen 
reactions frequently proceed in os toann es two-molecule collision. Three molecules can 
number of molecules involved. b ‘a be rare and four molecule collisions must be $0 rare as to be unimportans 
occasionally but that would probab = of reactions would seem to imply the involvement of many molec 
Nonetheless, stoichiometric se between collisions and stoichiometry implies that reaction 
ni i x ~ T deen sonei we refer to as the mechanism of the reaction. 
able to p > 


ds ON the 


Collide 


ules at A 
5 MUSI be 


Mechanisms are a series of elementary reactions proposed T explain how a reaction occurs. Elementary 
syne: ide in them. 
reactions are labeled by the number of molecules that collid 
e One molecule involved — unimolecular 
e Two molecules involved — bimolecular 
e Three molecules involved — termolecular 


Mechanisms can be disproved by experimental evidence, but it is not ao to ei creat to be true because 
it is always possible that another mechanism could be devised that sas or a same o aco There are. 
however, important constraints that must be met for any mechanism to be accepte evan ef Oremost, the 
steps of the mechanism must sum to yield the net reaction being observed. As might be expected from our initial 
discussion here, the mechanism cannot have any reaction that would imply more than a termolecular step and 
practically speaking most steps are unimolecular or bimolecular. 


In addition to being able to describe the overall reaction stoichiometry, the mechanism must also be able to 
explain the observed rate law. There are several factors that affect the manner in which a mechanism can be 
distilled into a rate law. For example, some problems will review approximation methods such as the steady state 
approximation and the fast equilibrium approximation. Other problems reviewing rate limiting steps and 
comparison of rate constants for elementary steps to simplify rate laws are also included. 


Another area where reaction mechanisms provide an important way to extend our understanding of kinetics 
lies in the concept of catalysis. A catalyst enhances the rate of a reaction without actually being consumed as the 
reaction proceeds, and the mechanism needs to account for this effect. Catalysis has many practical implications 

4 


and we will review reaction mechanisms important in practical cases such as enzyme kinetics, photochemical 
reactions and chain reactions (such as polymerization). 
/ 


Study Questions 


Consider the reaction mechanism in which the rate constant for the first reaction is 
very much smaller than that for the second reaction. At t= 0, only substance A is present. Shortly 
after the steady-state is initially established (both reactions are irreversible), which of the following 
Statements is correct? 


(A) [C] <[B] (B) [B]=0 


(© [Al<[c] (D)  [B]=[A] 


n 


Knowledge Required: Consec rpreting reactions using rate-limiting steps 
Thinking it Through: Because the rate constant for 
convert to B. The rate constant for the second reacti 


ulive reactions, inte 
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a ee 


The sequence 


3NC 
CH;NC* 


*CHINC > 2CHNC 
CHsNC* > CH;CN 
is proposed to account for the fi 


rst-order kinetics Observ 
isomerization at high pressures. Which 
rate law, 


d[CH;NC] / dt = — k[CH;NC] 


ed in the CHSNC(g) 


: > CHCNo 
assumptions are m a 


Ne Observed first 


ade to account for th 


-order 


Pproximation to CH,NÇ* 
Assume kı [CH;NC] >> k, 


Assume k, >> k 


IM 


IV Assume kı / kı >>] 


(A) Tonly (B) laan © bihaan œ yy ML, and ty 

Knowledge Required: Writing rate expressions using the elementary Steps 

intermediates and applying the steady-state approximation, Simpli 

magnitude of individual rate constants. 
d 


i in a mechanism, Identifying 
fying rate expressions by comparing the 


Thinking it Through: CH;NC* is an intermediate, Write a rate expression for the rate of change in Concentration 
of this intermediate and apply the steady-state approximation: 


d[CH,NC*] _ 
dt 


0 = KICH,NCY -k [CH,NC*IICH,NC] - k, [CH NC*] 


Solve this expression for the concentration of the intermediate: 


k [CH,NC]? 
kı [CH;NC] + k, ` 


[CH,NC*] = 


Now write a rate expression for the change in concentration of CH;NC: 
d[CH;NC}/d¢ = kh[CH;NC*]. 
Substitute for the concentration of the intermediate found by applyin 


d[CH,NC] kk, [CH, NC}? 
dt K,ICH,NC] + &, 


g the steady-state approximation 


If this expression is to be reduced to a first order expression, k, must be small i 
the denominator. Therefore the correct res 


n comparison to the other term in 
ponse is (B) (conditions I and II are applied), 


The rate expression for the decomposition of a substrate (S) in the presence of an enzyme 


(E) is 
k, [E}, [S] 
rate = K, + [S] 
As [S] becomes very large compared to Ky, the apparent order for the substrate is 
(A) zero (B) one (C) two (D) two-thirds 


TE 


Knowledge Required: Sim 


ini ial i laws. 
plifying rate expressions. Determining partial reaction orders from rate 


i NS ‘ to [S]. The rate 
Thinking it Through: If Ky, << [S], the denominator of the rate CXpresSsIOn 18 ae spain ees to the 
aw becomes rate = ¢ [E]o. This rate expression does not include [S] and is therefore 

Substrate, and response (A) is correct. 


RA 
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Mechanisms 


In the mechanism shown, Step 1 is irreversible. Step 2 is reversible, 
At equilibrium 


(A) 


[A] =0 (B) [B] =0 (C) IC} =0 (D) [B] Ic) N 
Knowledge Required: Consecutive reactions, reversible reactions and equilibrium 
Thinking it Through: Since the first reaction is 
second reaction is reversible, so some C and B 
on the value of the equilibrium constant; the 


(A) is the best answer, 


not reversible, there will n 
will be present at equilibriu 


ot be any A left at equilibrium 1 
y will not necessarily be equal 


m. Their relative amounts wil] de : 


in concentration, Therefore respo | 
nse 


In homogeneous catalysis of a chemical reaction, the introduction of the catalyst changes the 
(A) AH for the reaction, 


(B) pathway between the 
reactants. 


Products and 


(C) equilibrium position of the reaction. (D) number of products, 


Knowledge Required: Definition of a catalyst 

Thinking it Through: Catalysts affect the kinetics of a reaction, by providing a lower energy pathway for a 
reaction. Catalysts are not produced or consumed in a reaction and do not affect the stoichiometry of a reaction 
Therefore response (B) is the correct answer. i 


When dissociated single strands, SS, of DNA’s 
double helix recombine, the behavior shown in 
the figure is observed. It can be inferred that the 


reaction is initially order, and that at 
time /y 


(A) first 


equilibrium is established, (B) 


(C) second equilibrium is established. (D) second the mechanism has changed. 


first the mechanism has changed, 


» Which process has the slowes 
(A) stimulated emission 


(B) phosphorescence 
(C) internal conversion 


(D) fluorescence 


Thinking it Through: 
phosphorescence this 
a forbidden transition. 


Response (B) is the best answer. Because an intersystem crossing occurs in 
process has the slowest decay rate 


. The energy is trapped temporarily in the excited state of 
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“ Mihi alsa ate i, 


Which sequence of state-to-state transitions fi 
or a diatom} 
Ic 


escence with a w d 
fluor avelength longer than that for rn System is required f 
excitation Or on 
Photon? € to observe 


(A) 
(B) 
Singlet 
Triplet 
Singlet 
Singlet 
(C) D) 
Triplet 
Singlet 


Singlet 
Singlet 
Knowledge Required: Fluorescence, energy diagrams, relationship between wavelength and energy 
Thinking it Through: State-to-state fluorescence transitions occur between electronic states with the same 
multiplicity. Therefore responses (B) and (C) are not possible. Figure (A) represents a transition where the 


wavelengths are equal for the fluorescence and excitation photons, because the transition begins and ends in the 
same state. Figure (D) is the correct response. The fluorescence wavelength is longer (less energy) than that of the 


M8. 


excitation photon. 


ith a high intensity light beam. At ¢= 0, the light beam 


horescent radiation was measured in intervals of 
phosphorescent intensity(/) as a function of time(?) 


A phosphorescent crystal was illuminated w 
was turned off and the intensity of the phosp 
milliseconds. The equation that best describes the 


IS 
(A) J=h (B) _In(/) = In(o) - Ht 
[= In(Io) + kt 


B) is the only answer 


Knowledge Required: Phosphorescence 


Thinking it Through: Phosphorescence is 
that corresponds to a first order process, an 


h respect to intensity. Response ( 
onse. 


first order wit 
d is therefore the correct resp 
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Mechanisms 


eee 


The photochemical reduction-dimerization of benzophenone to benzpinacol in isopropyl alcohol 
proceeds according to the equation with a quantum yield of 2. 


o HC. b H H3C 
N= CHOH ct as, oe er + b 
a ae 300 - 350 nm ye 
b H3C H3C 


> 4 


The addition of a small amount of naphthalene to this reaction results in a drastic re 


duction in 
quantum yield although naphthalene does not absorb light in the region 300 — 350 nm. How do you 
explain this effect? 


(A) Naphthalene reacts with benzophenone in its ground state and prevents its photochemical 
excitation. 


(B) Naphthalene quenches reaction by transferring energy from excited benzophenone causing its 
return to the ground state. 

(C) Excited naphthalene radicals terminate reaction by reacting with isopropyl alcohol radicals 

(D) 


Naphthalene is excited by radiation in preference to benzophenone. 


Knowledge Required: Quantum yield, photochemical reactions 


Thinking it Through: The reaction in question proceeds through the production of an excited state of 
benzophenone. The addition of naphthalene with its large number of x electrons and relative high mass will 
quench the excited state to the ground state. Thus response (B) is correct. 


Practice Questions 


1. For the reaction of A with B 
to form D, the first step 
involves forming a reaction 
intermediate C which is in 
equilibrium with A and B. 
The overall mechanism can 


2. The hydrolysis of a certain 
transition metal complex can be 
written schematically as shown. 


Which can 
be written as shown. be inferred 
The rate expression for the production of D from the 
from this mechanism is expected to be figure? 


(A) (constant) [A]. 


(B) (constant) [A] [B]. (A) dA AlB) : 
S = ^j at t=0. 
(C) [A] [B] [C}°. ( A ( YA) 


(D) (constant) [A] [B]. (B) At least one intermediate is formed. 


(C) The rate of formation of B is a maximum 
at ¢=0. 


(D) The rate reaches equilibrium in 50 
minutes. 
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- ree È 
` : = i 
Tae C— > 
At Es] 
De cand) SiMe AOTONIMaHtlon is 
se i 
a) 22 ANB 
i tà 
Bee 
o i{ayBl-& C} — ŁAC] 
iÑ} oR 
D t [ANB 
aer the mechanism for free radical 
i ka curse shown, 
ii l —> 2 i 
P,+M > Pa t; 
P,-Pa > Pe. k 


SSS ae E 
te kinetics are most easily modeled by 
mohi the steady state approximation to 


(D) total polymer radical chain concentration 
P, r Ps ~ ---)- 


& A possible mechanism for the gas-phase 


Cl- NO-CI > NO +Ch (fast) 
The rate equation consistent with this 
mechanism is: 


(A) rate = k [NOCI] 
(B) rate = k [NO;CI} 
(C) rate = k [Cl] [NO;CI] 
(D) rate = & [CL] [NOF 
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& The Mechanis 


Å 


T Mechanisms 


M ofan enzyme 


Mace u Catalyze 
Ota substrate (S) to vield p ve 
a ta \ Products (P) 


to have how many maxima? ° expected 
(A) one (B) mo 
(C) three (D) four 


Which Statement is true when the temperature 
at a reaction mixture is i 


Ncreased? 
(A) Temperature increases cause the 


equilibrium constant and final product 
concentrations to increase. 


(B) A temperature increase reduces the 
activation energy for a reaction. 


(C) A temperature increase speeds up the rate 
of a reaction by increasing the number of 
collisions. 


(D) A temperature increase increases the rates 


of both the forward and reverse reactions. 


According to the Langmuir model of 
chemisorption of a gas on a solid surface. 


(A) the amount of gas adsorbed increases 
linearly with the partial pressure of the gas 
up to the saturation pressure. 


(B) the amount of gas adsorbed per unit area 
of the surface approaches a limit as the 
partial pressure of the gas increases. 


(C) a gaseous molecule striking a empty site 
on the surface has the same probability of 
being adsorbed as if it struck a site 
occupied by another molecule. 


(D) the enthalpy change on adsorption is about 
the same as the enthalpy change on 
liquefaction of the gas. 


thy > 2l 
L+H, > HI +H 
H+h > |: + HI 
L+r > l 


9. For the photochemically 
driven reaction of H with 
lz, a possible mechanism 
is shown in the box. 


With this mechanism the number of HI 
molecules produced per photon absorbed is 
(A) greater than 1. 

(B) less than 1. 

(C) equal to 1. 


(D) always a whole number. 


10. Gaseous, unimolecular decomposition reactions 
may proceed according to the mechanism in 
which the collision between two normal 
molecules, A, produces an activated molecule, 
A*, which, in turn, may be deactivated by 
collision or decompose into products. 


A+tA—L>At+A 
At*+A—15A4A 
A*—4_» products 


Using the steady state approximation for the 


.. d|A* i 
quantity de’ the rate law for the reaction 


A —> products becomes 


-d ayy 


Under which conditions will the rate of the 
overall reaction tend to be second order? 


kk [AT 
k k,[A]+k, 


(A) High pressure 
(B) Low pressure 
(C) Addition of inert gas 


(D) Increased surface area in reaction vessel 


W VAI I Aaa a aii 
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11. For the mechanism 
CH,COCH, ——> CH, -+ CH,Co. 
CH,CO-—2.5CH, -+ CO 
CH, -+ CH,COCH, — > CH, +-CH ‚Coch, 
-CH,COCH, —>CH,- ‘+ CH,CO 
CH, -+ -CH,COCH 1, H,CocH, 
The rate of formation of CH,CO. is given by 
the expression 
(A) ki[CH;COCH;] — k,[CH;CO-] 
(B) ki[CH;COCH;] + k%[CH;CO;] 
(C) ki[CH;COCH;] + kIĪCH:COCH;][CH,] 
(D) ki[CH;COCH;] - k[CH;COCH;][CH;] 


Mex n | 
| Answers to Study Questions haninn \ 
ä 5. B 
yB S i 9. B 
3. A 8. D 10. B 
4. 


Answers to Practice Questions 


5. A 
_D 
: B 6. C 9. A 
3. A TA 10. B 
4D 8. B ll. A 
| 
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Reaction Dynamics 


vests that the observed rate of chemical reactions can be explain i 

gests +e reasoni the next level and ask, “Wha 

teps. We might then take this pep to $ sapere k,“ ha Sine i 
. ' ale > H B S ec = 4 a i p bl Cé oy, (04 H > y e 

terms of a series Of lenena question requires that we think ihe ae a et oF aioe 

; Jementary step?” IS ` f 2. eaferre, as the stu of reac l 

ao Seated mei of kinetics at this level is referred to as y 

` 3 9 ayil 

molecules. Conside m 


i cchanism Sug 
The concept of a reaction mechanism g 


ner scur, the particles involved, be they molecules, ; 
st fundamental level, in order for a reaction 9 peent ; onde SU eet a ater tom 
At the most fu ii r each other. Thus, the study of reaction yna ts ; allison 
- ions, must encounter Ce ae a iiai erates 
went moleculas examples of which appear in the transport prop 
betwee S, 
of chemical reactions further, we quickly conclude that not all collisions between 
It in reactions. For example, under the normal conditions we encounter in everyday life, the 
articles res in PAC S. 4 1 ) C ! 
particles ra "e and oxygen in air are constantly colliding with each other but not reacting. The most 
3 ; . . . . N 
molecules Q a of reaction dynamics that explains this observation is that in order for a reaction to occur the 
important cane ugh energy to overcome the activation energy for the reaction. The activation energy is 
collision must have eno ne y for the reaction, The activation 
characteristic of a reaction and represents the minimum amount of energy colliding 


particles in order for a reaction to occur. 


If we consider the matter 


The activation energy of a reaction can also be related to structural changes that must occur in order to allow 
the transition from reactants to products. These structural implications can be considered in several ways, including 
the calculation of potential energy surfaces that map the energy of a system upon variation of structural variables 
(such as bond lengths) in the reaction system. While these variables can be manipulated in any manner, the 
activation energy of a process is generally associated with a specific structure called the transition state. 


This chapter includes problems that review some of the theories used in these explanations such as collision 


theories and transition state theory. The interpretation of minimum energy pathway diagrams and potential energy 
surfaces and trajectories on these potential energy surfaces are also tested. 


Study Questions 


RD-1. 


Which statement is NOT true for the behavior of a catalyst? 


(A) A catalyst increases the equilibrium constant and final product concentrations. 


(B) A catalyst reduces the activation energy for a reaction. 


(C) A catalyst speeds up the rate of a reaction. 


(D) A catalyst increases the rates of both the forward and reverse reactions. 


Knowledge Required: Definition of a catalyst. 


ee 


Thinking it through: A catalyst speeds up the reaction rate b 
Catalysts increase the rates of reversible reactions in both 
these statements indicates that response (A) is not true. 


by providing a lower energy pathway for the reaction. 
directions. Comparison of the definition of a catalyst to 


RD-2. 


I — - = = 
n the derivation of “transition state theory”, the assumption is made that the reactants are 


(A) unstable relative to the products, (B) in equilibrium with the products. 


(C) in equilibrium with an acti 
scinpkex. n activated (D) hard sphere molecules. 
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——_: Assumptions made in transition state theory oe 
Required: : o 
h: Transition state theory assumes that eve 


Requ 

e Req i : TY set Of reactan 
eo thr aie (saddle point) progress to reactants, This the 
ink, oner sy 


o SO assum CTOSS a set Point on th 
; eee ef l 
j tid distribution of energies. Application of these assumptions leads to the con e ie ules have 
poten ann a an activated complex. Therefore response (C) is the I: an ition that 9 a 
. m w : 


$ 
\ 
ntropy of activation of a reaction may be obtained from | 
The € 
po: the temperature dependence of the rate constant. | 
(A) | 
measurements of the heat of reaction. | 
(B) | 


the energy of activation of the reaction. 
(C) 


the activity coefficients of the reactants and Products. 
(D) 


ar ee EE = Meni ae 
-ge Required: Relationship between the parameters in the Artheuius expression and transition-state 
cnowledge 
Know 
theory: h: The Arrhenius expression relates the temperature dependence of 
gh: 


it throu ae ' — 4 -Eak 
Thinking ctor A and the activation energy Ea: k = Ae" or Ink 
tial fa 
exponen 


the rate const 


=In dA — ExlkgT. A 
intercept equal to In A. Using transition-state theory 4 and Ex can be related 
i e 
ar with an In 


ition-state; A = constant x T x exp (AS* /R). The activation energy can 
roperties er re Therefore the entropy of activation can be determined from the tem 
enthalpy of spre sponse (A) is the correct answer. Measurements of the heat of reac 
the rate mae ae equilibrium properties of the reaction and not to the thermodynamic: 
ients relate 
pen ruling out responses (B) and (D). 
1val , 


ant to a pre- 
plot of In k versus VT 
to thermodynamic 
be related to the 
perature dependence of 
tion and activity 

s of the transition-state 


is line 


Identify the incorrect statement 


(B) — AG-Ż> AGF 
A sp (D) The first transition state resembles B 
more closely than A 


(C) k> k 


iterpreting reaction p iagrams. 
Knowledge Required: Interpreting reaction profile diagr 


j an determine that 

intermediates, you can í suse 
aring C values Oi eee ` he first transition-state is closer in energy 
Thinking it through: By comp 


bs the correct 
t responses. ria 
ents, thus incorrec Sar EA | - 
bane AAAUTO TAS nse (D) is r easonable. Response ©) M i correct, as the barrier to the fir 
oe ines ame that the reverse of this stateme 
response, The reaction profile oai 
ittsiionaite is larger than that to the second tran 
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For the reacton H - H-H —> H-H + H, which 


. 
ani TAA Tramceton crara 
POM mpresents The mrananon state 


tJ 


(A) l (B) (C) 3 (D) ; 


‘Knowledge | Required: identifi in 


e Wansition-siate on a potential energy surface, = 


Thinking it through: The wansition-state corresponds to 2 maximum in the potential ENeTEY surface alon 
minimum energy pathw ay. Therefore point 3 (response (C)) is the correct response. Points | an ie hi = 
Product and reactant channels respectively, and point 2 is located on the repulsive wall. sae 


(RD. When the hydrogen and fluorine atoms 
H,- H, +F > H, +H, -F 

are constrained to react in a collinear geometry, 

the potential energy surface for the reaction is 

shown. The energy contours are given in 

i | kcal-mol *. Identify the conclusion that cannot be | 


| drawn from this diagram. | 
| 2 
| Ry. (A) 
(A) The equilibrium H; — F bond distance is approximately 0.9 A. 
(B) At the saddle point, the H; — F distance is Significantly longer than the equilibrium HF bond 
distance. 


3 


(C) 
(D) 


The reaction is exothermic by 29 kcal-mol”’. 


; are Correct. Response ( 
| 4 a S > ari: he ene 
4 


Diffusion controlled reactions have rates | imited by 
(A) 
(C) 


the lifetime of the Encounter pair, 


(B) the rate of formation of encounter pairs. 
activation energies, 


(D) diffusion of the solvent molecules. 


a= 
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> te , 
: Cac 
: tion Dynamics 
. lusion controlled oom | 
+ Response (B) is the best answ. een 
inking it fal zs ibe oe of reaction is det er. A reaction will Only occur j = 
qh ther. Therelore, : 1S Cetermined by how fast the re: ts dite towne: 
j airs. The barrier to reaction in a diffusion controlled aa eki oman : 
ess is assumed to be en. 
tob 


fi 
cach counter p 
the soly 
ent molecules d 


Ncounter 
ach other to 


e small, s 
+ S0 res ia 
© Not react, POnses 


be eliminated. Response (D) is also incorrect as 


For a gas phase reaction between A and B, the Collision rate betw 


reaction rate because the collision rate does not include the sire à and B usually 
OT the 5 


molecular mass. 
(B) 


Steric factor 
(C) molecular speed. D i 
(D) cross section. 


or 


-£,/ 
rate=Z,,¢ “P 


i ince the activation energy term i i 
response (B) is correct since gy term Is not included and t 
) in included in the collision rate term. he effects of responses (A), (C), 


Thus, 
and (D 


According to absolute reaction rate (transition-state) theory, the products of a reaction are formed 
e 


when 
(A) the activated complex vibrates. 


(B) the activated complex rotates 7 radians. 


(C) one of the translational modes of the activated complex becomes a vibrational mode. 


one of the vibrational modes of the activated complex becomes a translational mode. 


(D) 


Knowledge Required: Concepts involved in absolute reaction rate (transition — state theory). 


Thinking it through: At the transition state (the top of the potential energy surface), the activated complex has a 
number of vibrational modes corresponding to motions of the atoms. One of those modes (that along the reaction 
coordinate) has an imaginary frequency. That mode becomes a translation of the product molecules with respect 


to each other, thus response (D) is correct. 


In the absence of additional information, a lower bound for the activation energy of the endothermic 


RD-10. 


reaction 
A(g) + B(g) — Products 


is best approximated by 
(A) the standard enthalpy change of the reaction. 
(B) the larger of the bond dissociation energies of the reactants. 


(C) the sum of the bond dissociation energies of the reactants. 


(D) the difference of the bond dissociation energies of the reactants EES 


auo oo o l 
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Reaction Dynamics 


I. In activated complex theory, a positive entropy 


[S] 


Practice Questions 


of activation yields a 

(A) large Arrhenius prefactor. 
(B) small Arrhenius prefactor. 
(C) large activation energy. 


(D) small activation energy. 


In collision theory, the steric factor is related to 


the 


(A) relative orientation of the colliding 
reactants. 


(B) atomic or molecular mass of each 
reactant. 


(C) highest vibrational frequency of each 
reactant. 


(D) molecular polarizability of each reactant. 


- Transition state theory predicts that the rate 
constant for a reaction is given by the 
expression. 

k= ST sting 
h 
; dink 
=-| ——— |, th 
Using £, lana) then E, depends on 
(A) AFÈ. (B) AH* T. 
(C) A, ast T. (D) AS, T. 
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i tion must have point A lower than point 
inking it through: An endothermic reac io in 
e a energy for the transition state (the minimum barrier 
a “l from C to A is zero) is thus the same energy as C. Thus the lower bound for 
oh forward reaction is the AH for the endothermic reaction, and response (A) is 
correct. 


lN 


at point 


The rate of a chemical reaction j 
to the total number of coll 
reactant molecules 
rate is largest for 


aye Proportional 
Isions between 
Per unit time, The Collision 


(A) high collision Cross se 


Ction and low 
molecular velocity, 


(B) high collision Cross s 


ection and high 
molecular velocity. 


(C) low collision cross se 


ction and low 
molecular velocity, 


(D) low collision cross section and high 
molecular velocity. 
The redox reaction between Cu’ and 
Co(NH;)sCl** has been Studied in mixtures of 
water (Eater = 78.5) and methanol (Emethanot = 
32.6) in the presence of an inert salt. The 
reaction rate is expected to 


(A) increase with added methan 


ol and added 
inert salt. 


(B) decrease with added methanol and added 
inert salt. 


(C) increase with added methanol, but 
decrease with added inert salt. 


(D) remain unchanged with added methanol, 
but increase with added inert salt. 


According to absolute rate theory, the pre- 


exponential factor in the Arrhenius equation is 
related to 


(A) the enthalpy difference between reactants 
and the activated complex. 


(B) the internal energy difference between 
reactants and the activated complex. 


(C) the internal energy difference between 
reactants and products. 


(D) the entropy difference between reactants 
and the activated complex. 


Reaction Dynamics 


late of the theory of 


A eee jon rates is that 
“a ja] term is independent of 
e-exponentla 
he P e. 


ists between reactants 


(O ie of freedom than the reactants. 
two molecules must collide. 


(D) . 
ision theory provides a prediction 
are hase reactions. Which 


8. simple © ) 
ement conceming the rate — derived 
from collision theory 15 incorrect: 
usually included in the 


The collision frequency must be divided 


by two. 
(c) A Boltzmann distribution of translational 
energies is assumed. 


(B) 


(D) The pre-exponential factor obtained is 
proportional to is 


ated complex theory, the Arrhenius pre- 


9, Inactiv r 
exponential factor can be calculated using 
(A) As” (B) AH” 

(Cc) 4G” (D) £, 


In the Chapman mechanism for atmospheric 

ozone destruction ; 
1 Oth >20 ' 
2 O+ O; nd O; 
3 O + O; —?> 20, 
4 0O; + hy -p O K (67 

the observed quantum yield can be greater than 

| because of step 

f 


S 
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Reaction Dynamics 


1A 5. C 
2.C 6. D 
3. A 7. B 
4. C 8. B 


Answers to Practice Questions 


RARS 
w o> > 
Pan 
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— 
Se 
> > 


stu of chem impl 
he > these views are simply comp 
cases wever, im ortant insight i i 2 
soe og, ACO! te Saeonchinat fie is gained by relating the models at th 
Orp oher Seded 10 forge these T ps falls in the realm of a field called statisti ese two levels 
r mine) called statistical mechanic . The 
a ' y l S: 
ae fie! tistical mechanics provides a bridge between the macroscopic properties i 
The os and the molecular nature of eran mechanics. The main ee SE) i traditional 
r contain such vas : Is is the 
ast numbers of particles that observations a 13 a 
e at that leve! ca 
n 


herm ae ize s 
gcroscOP : 

3 “erermined pase 

be f probability that xP 


reat deal 
achiner 


pability distribution 
distribution, 
lecules. 


apply this 
it 


prone this 


ampl 
don proba 
n the observations of matter. 


of mathe 


S of the particl 
introduct T isti ics i ncept and its 
ory statistical mechanics is based on developing this co d 
pt it 


desc"! y 
c ions for mo 


statistical Mechanics 


qui es 
the use of models at both the macr OSCOPIC and molecular Vv 
le els I 
rT » in 


istr routinely r 
limentar ide é é 
y S that can be considered in some sense i d 
a in ependent 
of 


bilistic arguments. hus, statistical mechanics is predicated on und 
il S t T S, tatısti l i is Ti i t 
nderstanding th 
e 


lai 
as b i i 
is been built up to explain probability. The key factor that all 
allows us to 


1 er . f c ar S to 
ec han cal en BY states I artition functions eu ed 


matical theory h 
ation that 


the realiz 
es in quantum m 


so much of 


ons to the calculation ft m namic properties S! h h 
0) her od uch as heat 


and their applic 
his chapter. This ch 
; apter also reviews th 
e Boltzmann distributi 
ribution, relative 


partition functions 
f energy contributi i 
ions to various therm ; 

odynamic pro : 

perties, and 


“ac entropy ele are reviewed int 
s, a comparison of different types © 


ependence of properties. 


e two isomers, A and B, in equilibrium have the 


M-I.  SUPPOS 
levels shown. Then, 
E 


energy 


| 


A 


(A) A is favored at all temperatures. (B) B is favored at all t 
all temperatures. 


(D) very low temperatures favor B, very 
high temperatures favor A. 


(©) very low temperatures favor A, very 
high temperatures favor B. 


Knowledge Required: J , 
Thinki ge Required: Relationship between the population of energy levels and t 
inking it Through: Isomer A h nd tempera 
centered around the highe as a low and a high energy level, while i 
rof A’ y level, while isome ; 
pa are no pees se “seers Therefore A will be favored at low nat ae high energy levels 
hee are multiple levels available whil evels for B. B will be favored at high temperat es Lawer energy) because 
Sponse is (C). , while A has only one available high energy a thee aia! Stia 
. Therefore the correct 


ture. 
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Statistical Mechanics 


ge 


SM-2 Which figure cannot correspond to an equilibrium distribution of molecules between two quantum 
states at 300 K? 


e000- 


Knowledge Required: Temperature dependence of energy distributions. 
Thinking it through: As temperature increases in a two-level system, the popr nano in sa lower level decreases, 
and the population in the upper level increases. At very high p e (as e aud it A bree infinity) 
the populations in the two levels approach equality. The maximum number mon ip Sa allowed at the upper 
energy for the given system is then °/2, which is 2. Therefore, responses (A), (C) and (D) are reasonable 
distributions. Response (B) is not reasonable, and is the correct response. 


SM-3. For many molecules, only the lowest vibrational energy state is significantly populated at room 
temperature. In this case, the vibrational partition function is close to 


the 
temperature T 


(A) 0 (B) l (C) (D) 


Knowledge Required: Temperature dependence of vibrational partition function. 


l . 
Thinking it through: The vibrational partition function has the form: Taan At low temperatures this 


function approaches 1, therefore response (B) is correct. 


SM-4. 


Which partition function will be the same for gaseous H, and D; at all temperatures? 


(A) translational (B) rotational 
(C) vibrational (D) electronic 


Knowledge Required: Mass dependence of partition functions, separation of electronic from nuclear motion. 


Thinking it through: Translational, rotational, and vibrational motions correspond to the motion of the nuclei of 
the molecules and therefore are mass dependent. These partition functions will be different for H; and D,. 
Electronic motion depends on the movement of electrons and therefore does not depend on mass, so the electronic 
partition functions will be the same for these two molecules. Response (D) is therefore the correct response. 


If an atom has a doubly degenerate excited state that is Ae cm"! above the non-degenerate ground 
state, the electronic partition function at any temperature (7) for this atom is 


(A) 14 2e ote IT (B) 2+ en hel ta 


(C) 1+ 2674r (D) ee kT 


Knowledge Required: Correct form of electronic partition function, including degneracies, 


Thinking it through: The excited state is doubly degenerate, therefore a two should multiply its contribution to 
the total partition functi i 
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eee ee eee 
What ts the molecular partition function forthe 
wo level system shown? the 


(A). 2e "+30 ntt. 


be tW 


(C) e Bey Ral y gta AT (B) CC 
(D) 


LT 


. < | io : : | i +e TAL 
Knowledge Required: Functional form of partition functions, including d 
S, B degeneracy in partiti 
y In partition functions 


rough: The par tition fu q : a1 &i 
nction is e where 7. 
one that includes the degeneracy corr ectly and 1 


qninking it th 


Response (A) is the only îs the degeneracy of the ith state 


s there 
herefore the correct response 


The order in which various molecular degrees of freed 
to the heat capacity as the temperature is raised is ee 


SM-7. 


gaseous diatomi 
gaseous diatomic molecule contribute 


(A) elec > vib > rot > trans. B 
(B)  rot> vib> elec > trans 


(C) vib > elec > trans > rot. D 
(D) _ trans > rot > vib > elec 


Knowledge Required: Relative importance of various molecular degr 
dependence of various molecular degrees of freedom. grees of freedom to heat capacity. Temperature 


Thinking it through: The energy available to a molecule increases as the temperature is i 
required for translation < for rotational excitation < for vibrational excitation < to excite i a a energy 
ron, therefore the 


correct order is given in response (D). 


The theoretical expression for the molar vibrational heat capacity of a diatomic gas is 


_ROITL Ee” 


Cy TOIT 
er = I 
in which © is a characteristic temperature for the molecule. This equation predicts that 


(A) Cy approaches zero as the temperature approaches infinity. 


(B) Cy always decreases as temperature increases. 


(C) Cy approaches R as the temperature approaches infinity. 
emperature approaches zero. 


(D) Cy increases without limit as the t 


ure dependence of the vibrational heat capacity. 


Thinking it through: The correct response is (C). You can get to this answer by taking the limit of the above 
his calculation is involved and would probably take too much time. Another 


expression as T approaches infinity. T ‘ - Cy approaches 
way to approach this solution is to recall that a plot of Cy versus TI i NE 
the classical value of R for a diatomic gas. 


Knowledge Required: Understanding the temperat 


© approaches R 


articles each 


nt p 
AandB. The A 1 


Consider a system of independe 
of which can exist in two states, 


energies and degeneracies are given in the table: B 2 600 
ioni in state B? 

| At approximately what temperature will the population 1n state A be equal to that in e 

| (A) œ) 51K (Cc)  1%K pee i 
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-1 
State Degeneracy Energy / J-mol 
0 


| 
| 


Statistical Mechanics 


sai aaa eR aa ES 


Knowledge Required: The Boltzmann distribution for temperature dependence of states. = 2 as 


Thinking it through: The ratio of the populations is given by the Boltzmann distribution to be (and on 
substituting) 


l= Ng = En olen -e4 )/ RT = 2 lo J-mol')/(8.314 Imor’ K )r 


N, Bi l 


Solving for T in this calculator allowed question gives the correct response to be 104 K or response (C). 


The bond length for H'””I is 160.916 pm and that for H°°Cl is 127.455 pm. Which statement is true at 
300 K? The spacing between the rotational states 


(A) is smaller for HI, therefore HI will have a higher value Of Grot- 


(B) is larger for HI, therefore HI will have a higher value of qro- 


(C) is smaller for HCl, therefore HCI will have a higher value of qro. 


(D) is not enough information to determine which molecule will have a larger value of qy. 


‘Knowledge Required: Rotational partition function (qra) dependence on different factors. 
Thinking it through: The rotation partition function, qro, for a diatomic molecule is given by 
Br Ik T 8x’ wR?kT 
dra = k = k os 


uR? 


: 7 ] 
Since the reduced mass for H'”I and HCI are both approximately 1 g-mol', E o ae qœ R? , and the spacing 


will be smaller for HI, and qro will be larger. This corresponds to response (A) being correct. 


Practice Questions  — — — č > — 
1. Consider the rotational contribution to the heat 3. The diagram depicts 12 molecules in a two 


capacity of a gas. The rotational temperatures, state system at 300 K. If three more molecules 


©, for H2, O2, and CH, are given in the table. are promoted to state 1 the temperature would 
At 120 K, which molecule will deviate most be 


from the classical limit? 
H, O, CH, 
[o [854 2.06 15 4.55x10™' J 


(A) All three are at the classical limit. 


———_ eo 


state 0 
H 
2 = (A) 300K 
z a (B) 600K 
4 


(C) infinite 
2. The I vibrational frequency is 6.42x10"° s"', (D) the temperature cannot be determined 
What is the equilibrium ratio, N,/No, of the 


populations of the first-excited and ground 
vibrational states at 300 K? 


(A) 0.036 (B) 0.36 
(C) 3.6 (D) 36 
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4. 


nett iin an tnt Sn 


: eee 
The ground electronic state of O; is Zs. The 
value of the electronic partition function is 


(A) | because the orbital degeneracy is 1, 
(B) 2 because the “g” means “even”, 
(C) 3 because the spin degeneracy is 3, 


(D) 4 because the sum of the orbital and spin 
degeneracy is 4. 


In a system composed of N particles behaving 


classically according to Boltzmann statistics 
the number of particles which would be found 
in a state having an energy, £, anda 
degeneracy, g, is directly proportional to 


(A) of. (B) ge. 


(©) F ar, (D) ë eft 


. At high temperatures, the rotational partition 


limits to 
A) 0o @) Fr ©% 


(D) a value which depends on the molecule. 


. As T goes to 0, the molecular partition function 


limits to 


(A) 0. (B) 1. 


(C) Selec: (D) œ, 


. Above what temperature does the rotational 


partition function become important for H,? 
(A) 1K (B) 50K 
(C) 300K (D) 2000K 


. The I, vibrational frequency is 6.42x10!? s~!, 


The number of vibrational states with a 


fractional population greater than 0.2 at 300 K 
is 


(A) 1 @) 2 (© 5 (D) 20. 


. The ratio of rotational partition functions for Hz 


and D, , Bas ig 1000 K is 


do, 


(A) 1 œ@)2 (C) Z2 () % 
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11. Which Molecule has the | 


rotational artiti 'argest value for its 
terpenes Mon function at Toom 
c 2 


Statistical Mechanics 


Answers to Study Questions 


1. C 5, C 
2. B 6. A 
3. B 7. D 
4. D 8. C 
Answers to Practice Questions 
1. B 5. C 
2. B 6. D 
3. C 7. C 
4. C 8. B 
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Concepts ory and 


ndamental concepts permeat 
eni e quantun mi ry 
cules. The concepts dealing with the mils Nd discussions 
igin of spectra and ie the study of the sp 
ze and sha ectrosco) 
pe of s PY of 

he pectral 
nt and early oe = 

Ctric effect, electron 


several fu 
oms and mole 
ntal importance. The development of Quantum Mech 

chanics started į 
ed int 


a 
of fundame eara A 
Centuries when classical physics could not explain bl 
en" eign, or the luminescen ackbody radiati 
diffraction, © ce spectrum of hydrogen. y radiation, the phot 
nade the fi 
| is ‘a eatin ioe by assuming that the energy of 
uan ; eger, v is the fre ay of the oscil 
H i i umption th i Paoi quency and h i 
- Using We Se nels È a: spectral distribution of ae 1S a Constant now known as PI 
gbution radiation itself anck’s quantization idoa to the interpret dation matched the experimental o 
aaa d later Rydberg eer th nia packets of energy with ars of the photoelectric fea 
f e empirical equation explaining the oe vat hydrogen first 
ed spectrum of h f 
ydrogen, 


| Balmer an 
v= Ry ($ = =) 


Max Planck t 
lators ina blackbody was 


ed by £=” 


< 2 


is the Rydbe Mh es #2 
where Ru is the Rydberg constant. Bohr put forward a theoretical explanation for the Rydb 
i e Rydberg e : 
uming that angular momentum of the electron i ; g equation by 
n in a hydrogen atom is quantized in units of h kn 
E i Lak. de ‘ 
extended the Einstein equation for the momentum of a photon to any particle of matter b re roglie 
i r relati : 
mentum to an associated wavelength, 4 =— = y relating particle 
p m 


aw the development of the Schrödi 
chrödinger equation, a partial di 
l ing , a partial differential equati 
f Spite ees to the Schrédinger equation are called wave function. The 
arious chemically relevant systems are discussed later. However. several 
n of the Schrédinger equation are presented here. i 


ass 
h h 
mo > mv 
, called the de Broglie wavelength. 


| The early 20" Century s 
| describing the wave properties 0 
| Schrödinger equation and solutions 
i fundamental concepts that follow from the applicatio 
| 
nd the number of electrons that can be assigned to an energy 

f the requirement that a wave function for 
tisymmetric wave function an interchange 


The first concept is that of the energy levels a 


level described by a wave function. This concept is a consequence 0 


fermions, of which electrons are an example, be antisymmetric. For an an 
ctrons results in a wave function with the opposite sign, e.g. 


of the coordinates of two ele 
y(1,2) = -w (2s!) 


s can occupy 


the same spatial orbital but if they do they 


This requirement is equivalently stated as no two electron 


! 
f 
| must have opposite spins. 
| 
gested that light could be used to observe an electron. This led 
statement of the Uncertainty 


mmute. Another 


iple which says that classical and quantum 


The de Broglie wave-particle duality sug 
Principle is a consequence 


h l ; 
Principle, AvAp, 2 en . This 
for position and momentum do not co 
princ 


Heisenberg to the Uncertainty 
ators 
the correspondence 
m numbers. 


of the mathematical statement that the oper 
consequence of the particle-wave duality is 


mechanical results merge in the limit of high quantu 
s of atoms and 


echanical description: 
y the 


the Hamiltonian 0 
n. Functions are 
fis the same as 


functions an 
ne funct 


n to create quantum m 
À is 
Jue equatio 
he function 
he eigen 
le for changing © 


prddinger's wave equatio 

t Schrödinger equation is Hy = Ey where perator, 
has the form of an eigenva 
applying the operator to t 
of systems are t 
ru 


| Chemists typically use Sch 
i molecules. The time-independen 
| wave function and £ the energy. This equation 
| eigenfunctions of an operator when the result of 
of fby a constant a, Af = af . The wave functions and energies 
| of the Hamiltonian operator. The Hamiltonian is an example 0 


multiplication 


d eigenvalues 
ion into 


f an operator, à 
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Quantum Chemistry: History and Concepts 


: ribing the kinetic a i 
another function. The Hamiltonian is formed by adding Er epee i nd potential 
anothe . j 


energies of the quantum mechanical particles. 


Nl hanical operators, including the Hamiltonian, must be linear and Hermitian. A linear Operator 
All quantum mechanica , 


4 =C +c functi ns and Ci and C are constants. A Hermitian 
{ i S i ~g g >. Ag , he e fand g a T t t 
A satisfies - (aJ + C, z) = Af 2 where are (0) 


isfi * Ag dt = if] “his restriction leads to some convenient properties for wave 
operator satisfies f Agdt= fe| 4] dt. (This re 


functions and expectation values of operators.) 


ick i lei, we assume that the nuclei are 

ause in molecules the electrons move more quickly than the massive nucle 
aa Te neglect of nuclear motion is called the Born-Oppenheimer SAE ae el a he e 
Bom-Oppenheimer approximation is that we solve the Schrödinger s i aaaeaii kah electrons 
is solved in a stationary field of fixed nuclear coordinates. The ees ue e p a en 
confused with the Franck-Condon (FC) principle which also uses the idea ra nuclei a e wy slow moving 
compared to electrons. The FC principle states that because nuclei are much more massive than electrons an 
electronic transition takes place in the presence of fixed nuclei. 


The Schrödinger equation is a differential equation that can be solved for the particle wave function and the 
energy of a particle. The exact Schrödinger equation depends on the potential used in the Hamiltonian. Not every 
mathematical solution to the Schrödinger equation will be acceptable to a chemist. Most quantum mechanical 
problems have boundary conditions that must be satisfied. Boundary conditions generally lead to quantization, 
where the eigenfunctions and eigenvalues depend on some (typically) integer value. The quantum number is often 
used as a subscript on the wave functions and energies to indicate which solution is under consideration. 


In addition to satisfying the boundary conditions for a given problem all acceptable wave functions must be: 
continuous and continuously differentiable over the appropriate range; single-valued; finite-valued; and able to be 
normalized. Wave functions are normalized to insure that the probability of finding the particle somewhere is 
exactly 1. The probability density function, Yy'ydr, is commonly associated with probability of “locating” the 
particle. The probability of the particle being in some finite range a to b can be found using 


Probability = lv (x) y(x)dr 


Eigenfunctions of linear operators form orthogonal sets so that any two different functions in the set satisfy 
viv dt =0 
all space 
Because all quantum mechanical operators are linear, including the Hamiltonian, the wave functions that are 


solutions to a given Hamiltonian form an orthogonal set. Since wave functions must also be normalized, these sets 
are often referred to as orthonormal sets. 


Quantum mechanical operators are used with the wave function to determine the average values of 
experimentally observable quantities. The average value, or expectation value, of an observable corresponding to a 
quantum mechanical operator 4 in the state described by y, is 


(i= J waves 
all space 


gral will be a real number as it should be if it is an 


wave function happens to be an eigenfunction of the operator A, then the 
e can take is the corresponding eigenvalue, a; 


Ay, = aM; 


Because 4 must be Hermitian, the value of this inte 
experimentally measurable value. If th 
only possible value that the observabl 
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study Questions 


ted that the wavelength of a particle is inversely proportional to its momentum. 


jie postulated Me™”. 
Pm Be eat of proportionality 1s 
| The sae osanik Ie (B) Boltzmann’s constant, kg. 
| A 
| T ee of light, c. (D) none of the above. 
( st beeen 


momentum and wavelength of a particle, = Us 


y contains Planck’s constant. 
) are other fundamental 


«ation of the de Broglie relationship shows that it onl 
ed ugh: Examination O 
Thinking £ lets one correct answer, namely, response (A). Responses (B) and (C 
us there ile Z pois D) is incorrect because there is a correct response. 
sw 


er than those of the electron, the molecular Schrödinger 
ed by assuming that the nuclei are at fixed locations. 


ear motions are much slow 


Because the nucl 
lectron motion can be solv 


equation for the e 


This is 
(A) the Born-Oppenheimer approximation. (B) the time-dependent Schrédinger equation. 


(C) 


Russell-Saunders coupling. (D) the variation method. 


ina molecule. The names of various 


ee 
The relative sizes and speeds of nuclei and electrons 
s used in quantum chemistry. 


Knowledge Required: 
simplifying assumption 
The statement correctly states the fundamental idea regarding relative nuclear and electron 
stationary nuclei is the Born-Oppenheimer approximation; the correct response is (A). The 
an assumption used to simplify the solution of the time independent 
response (B) is incorrect. Russell-Saunders coupling is a method for 
f an atom; response (C) is incorrect. The variation method is a 
er equation; response (D) is incorrect. 


Thinking it Through: 
speeds. The concept of 
Born-Oppenheimer approximation is 
Schrödinger equation for molecules; 
determining the total angular momentum O 
technique to find solutions to the Schrédin 


nberg Uncertainty Principle, if the operators for two physical properties do not 


According to the Heise 
commute then 


(A) nothing can be said about the two properties. 


(B) the uncertainties in the two will be the same. 


(C) both properties can be measured exactly. 


(D) the product of the two uncertainties is > h/41. 
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cially the Heisenberg statement of the 


; T stulates of chanics, espe 
Anowledge Required: The postulates of quantum meen tors and the observables they represent, 


+ . hai K ino “ra 
Uncertainty Principle, ‘The relationship between commuting operi 


‘operators and is defined as [%,7]=[47-%]. 1f [47] 
Thinking it Through: The commutator of operators X and is defined bi 0, 
7 » sj d ; d to any designated isi 
the operators commute and the observables X and Y can be simultancously ear baja Maon lid 
It | vy | #0, then the operators do not commute. The result is a reciprocal relationship o; and o, (the 


uncertainties in Vand ). The uncertainty in one observable can only approach zero as the uncertainty of the other 


ap Į roache > infinit y. Giv en the statement above the onl correct response IS (D), especia y gi ve usual 
i i l i p i ip i 0,90 2z —. R sponse (A) 1S Incorrect 
ap I licatic n ot the uncertaint y rine. le to position and momentum, y e 


because operators are defined with respect to observables. Response (B) is ae because ri will be a 
reciprocal relationship between the two uncertainties, and response (C) is incorrect because of the properties of 
non-commuting operators discussed above. 


The requirement that wavefunctions for electrons in atoms and molecules be antisymmetric with 
respect to interchange of any pair of electrons is 


(A) the Pauli exclusion principle. (B) the Born-Oppenheimer approximation. 
(C) (D) Hund’s rule. 


the Heisenberg Uncertainty principle. 


Knowledge Required: Each of the named concepts included in the question. 


Thinking it Through: In general chemistry you learned that the Pauli exclusion principle stated that no two 
electrons in an atom can have the same 4 quantum numbers. In quantum mechanics this statement follows a 
postulate that states that all electronic wavefunctions must be antisymmetric when the coordinates of two electrons 
are interchanged. Clearly (A) is the correct response. Responses (B), (C), and (D) are incorrect for the following 
reasons. The Born-Oppenheimer approximation refers to an assumption that permits finding the wave functions 
for electrons in the presence of stationary nuclei; the Heisenberg Uncertainty Principle refers to the value of the 


commutator for two operators representing pairs of observables, and Hund’s rule refers to a method for choosing a 
ground electronic state of an atom in terms of the largest multiplicity and highest total ang 


ular momentum. 


For electrons emitted due to the photoelectric effect, the 
(A) kinetic energy and current are functions of intensity of the incident light. 


(B) kinetic energy and current are functions of frequency of the incident light. 


(C) kinetic energy is a function of intensit 


y and the current is a function of frequency of the 
incident light. 


(D) kinetic energy is a function of fre 
incident light. 


quency and the current is a function of intensity of the 


Knowledge Required: Failure of classical physics in particular, the photoelectric effect. Dependences of kinetic 
energy and current on frequency and intensity in photoelectric effect. 


Thinking it Through: In the photoelectric effect, light strikes a metal surface and electrons (photoelectrons) are 
released from the surface. Th iti 
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In the Schrödinger equation the quantity, 
(A) wave function for the system 


Probability density 
entum operator 
© mom P (D) total energy operator 
a nt Po PFE TE a ee 

er equation į an eiren n 
a q 1S an eigenvalue equation: 


nction and E the energy. Physi 
r= Ey, W ; i 8Y. Physical observabl 
ah as the energy OF the momentum, are eigenvalues of the Corresponding Operator, a 
suc 


. h: Since the Schrödinger equation is an ei 
it Throug the Hamiltonian is effectively t 


genvalue equation w 


Thinking he total energ 


-senvalue is the total energ 
eig 


The total energy of a particle (mass = m) moving in the x-direction Wi 
( )' /(2m). The Hamiltonian operator for this system is 
Px 


(A) a (B) P ca 
E & 8r?m J| ax? 


(C) R? ô (D) cS 
e 827m J\ ax? 


; i classical quantities to the corresponding quantum mechanical 
ired: The conversion from i ase mer ee 
Knowledge Requ onding to the total energy is the Hamiltonian; how to work wi complex : 
- the operator corresp 
operator; the 


ħ ish/2n. 


th momentum p, is 


i i iven in the 
iltoni ite down the classical expression for the energy given in 
inking i h: To find the Hamiltonian, wri 
Thinking it Throug. 


ð 
i i i i rator: -ih—. 
oblem and then replace the classical quantity p, with the appropriate ope = 
pr 


2m 2m 


y 
, 


i tants, noting that / 
the operator twice to the target function. Pulling out all the cons 


; N 
final expression. ore a i af) a N 
m Ox Ox 2m ô? 2m\2n) Ox 


ics, which one of the 
HC-8 According to the postulates of quantum mechanics, 


9 
sni ‘on — x<? 
as a wave function in the region —00 < D) b 


(A) 
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| Knowledge Required: The requirements for an acceptable wave function are that it be continuous and 
continuously differentiable over the range considered; single-valued; finite-valued; and able to be hormalized, 


Thinking it Through: Both e™ and e” have infinite values in the range -0 <x <0, at x = -œ and Xuan 
respectively. Neither responses (A) nor (C) are thus acceptable wave functions, The finciion x is also not fi initely 


l 
valued on the range indicated and is not continuously differentiable. The function aq meets all the 


requirements. It is not normalized, but is normalizable. The correct response is (B). 


HC-9, When the hydrogen atomic 2p, is acted upon by the operator for the z-component of the z angular 
momentum, (z.) we find that 


(A) 2p, is not an eigenfunction of L. , thus there is no definite value. 
(B) 2p, is an eigenfunction of L, , with eigenvalue 0 A . 
(C) 2p, is an eigenfunction of L, , with eigenvalue 1h. 


(D) 2px is an eigenfunction of L, , with eigenvalue -1 A . 


Knowledge Required: An eigenvalue a; of an operator 4 for a function J satisfies ( A f = a, A the propertesne a 


operators. Hydrogen orbitals designated p, and py are linear combinations of eigenfunctions of Ex 


Thinking it Through: Applying the a operator to the 2p, function yields 


s e ( (Wan +Ya) 
LW op, -Lf a a 


L (Lan $ ENa) 

= B 

— (+yz, +(-1)ya) 
V2 


(Yan -Ya) 
er mee 


# constant x 2 (Yan + Wo); ) 


Since the result of i. acting on 2p, is not a constant multiplied by the 2p, function, there is no definite 
eigenfunction. The correct response is (A). 


HC-10. The quantum mechanical operator for velocity is given by 
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1Y: Hisa, 
_ $$ Ory 3 
o J ae Chonanga, 


se Required: The classical expression for the velocity į 
e Y 1N terms of ROTM CH prs 


rators are formed by replacing the expressi mo as 
| apical Ope ON for the clase: 
pechan ssical ry 


LONDEN pes n 
"TERN Wyth < 


it Through: Replacing p in the expression for vel 


„king it SCity with the; & 
fhin or yields © appropriate Quantum s we 
0 — 

| : Pp —th KA 
v=feE & _-ih ô 
| m m m ox 


Practice Questions 


1. The Born-Oppenheimer approximation states 3. To describe th 


€ wave na 
that Brogli "ature of matter, de 
(A) the Schrodinger equation is solved this hae that 7. = h/ my In arriving x 
assuming that the nuclei are Stationary, ‘ation, he did NOT use Te 
; ; A = 
(B) wave functions are written so that they are ý F aon = hv 
antisymmetric with respect to exchange of B) 5 
electrons. ®) fy- ey 
(C) conjugated organic molecules are (©) E mon = Mc? 
approximated by considering only their z 
electrons. (D) c=} 
(D) nuclei are assumed to be stationary during 4. Two wave i 
an electronic transition. if functions, y, and ys, are orthogonal 
2. The commutator of two operators, & and B, (A) J vividt =I 
fâ, ô] equals 0. The physical properties A and (B) Í Viv,dt>0 
B associated with the two Operators. 
i (C) Jv izw,dt =0 
(A) are coupled together by an uncertainty 
relationship. D) fyiy,dr=0 
(B) may be simultaneously determined with 
unlimited precision, 5. There are many mathematically acceptable 
(C) cannot be determined at all. solutions for the Schrödinger equation for any 
particular system, but only certain ones are 
(D) are equal. physically acceptable. This is because 


(A) physically acceptable wave functions must 
be finite, single valued, and continuous; 
and have a continuous first derivative. 


(B) all wave functions must be complex. 
(C) all physical quantities are real. 


(D) all solutions must be eigenfunctions of the 
momentum operator. 
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10. Which function is an acceptable wave function 


6. A nodal surface is best described as a ae over the indicated interval? 
(A) where the wave function approaches ©. (A) c™ over the range © to -o 


across which a particle does not move. (B) c“ over the range 0 to % 


(B) 
(C) separating regions of different sign for a (C) “over the range 0 to —00 
wave function. a 
PE er the range 0 to œ% 
(D) where the kinetic energy of a particle is (D) e` ov g 
ane 11. Ina photoelectric effect experiment with 
d photons of energy greater than the work 
i i —,i i ial, the number of 
function of the operator, — , IS function for the material, 0 
7, An eigenfunctio P dx photoelectrons ejected from a metallic surface 
(A) œa (B) e” depends on 
A) the intensity of the light hitting the m 
(C) cos(ax) D) o (A) | g the metal, 
(B) the angle at which the photons hit the 
8. Which statement is true? metal. 
A) V is said to be normalized if fydr =1, (C) the wavelength of the light hitting the 
i metal. 


where the integration is over the complete 
range of all coordinates of w. (D) both the intensity and wavelength of the 
light hitting the metal. 


(B) The only mathematical requirement for a 
valid stationary-state wave function, W, 


for a system is that y be a solution to 
Schrédinger’s time-independent equation 
for that system. 


(C) A sum of two degenerate eigenfunctions 
for an operator is still an eigenfunction for 
that operator. 


(D) Y, and y, are orthogonal if [y,y,dr=1. 
9. If y(x) is the normalized wave function for a 
particle in one dimension, the average value for 


the momentum can be calculated using the 
momentum operator, p, , from the integral 


(A) fu(x) Bey (x)dx 
(B) fv’ (x) A,dx 
(C) JA.w(x)dx 


D) fy’ (x)y(x) A, ae 
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Simple Analytical Quantum Mechanical 
Model Systems 


The particle in-a-box (PIB) is perhaps the first model encountered in 
quantum chemistry. The 1-D model shown has L for the length of a box and 
infinitely high potential energy barriers holding the particle in the box. 
Within the box the potential energy, V, is zero. You should be familiar with 
the energies, wave functions, boundary conditions, and degeneracies fora 
number of simple model systems including the particle in the box in one and 
three dimensions. The PIB wave functions are orthonormal with energy 


2.272 2 
levels £, aint 3 ae 7 
2m 8mL 


The PIB model is significant because we use it to understand UV-vis 
Spectroscopy of molecules containing alternating double and single bonds. 
For such a system the particles are the m electrons in the conjugated part of 
the molecule. It is important to distinguish between an energy level and the 
difference between energy levels for the PIB. AE between a HOMO and 


À PIB levels, (———— 
LUMO is the energy required by a photon to cause the electron to jump from Wave functions, ( ( 5 
the HOMO to the LUMO. Probability densities, (--------) 


n=3 


The PIB model can be extended to boxes with various types of potential For clarity, energies are not to scale 
barriers. As seen for the barrier on the right, the probability distribution œ 
extends into the forbidden region, i.e., the region where the potential barrier 
height is higher than the energy of the particle. This is known as tunneling. 
Tunneling has important applications for chemistry and is used to explain 
point mutations in biology, certain chemical reactions requiring proton or 
electron transfer, and scanning tunneling microscopy. 


A useful model for characterizing molecular functional groups is the 
harmonic oscillator with V = 12kx?. This model provides a simple 
mathematical basis for understanding bond lengths, bond force constants, 
and infrared spectra. Again, you should be familiar with the energies, wave 


Harmonic Oscillator 
functions, boundary conditions and degeneracies. 


The solution for the harmonic oscillator gives quantized energies with 
quantum numbers v 


1/2 
e=a() [vz }-ne(oel) where v = 0,1,2,... 
u 


In the figure on the right we see that the energy levels are equally spaced, 
there is a zero point vibrational energy when v = 0, and E goes to infinity E 
as v goes to infinity. This model, based on a quadratic potential, does not 
account for the fact that real chemical bonds dissociate when stretched, 

The probability densities describe the probability of locating the oscillator 
at various extensions. These functions show that only certain extensions of 
the oscillator are very probable and others not probable. In the ground state 
the most probable position is the normal equilibrium distance. In the first 
excited state this distance is not probable at all. As v increases the maxima 
of probability along the various extensions of the oscillator get closer 
together so that at very large values of v the quantum mechanical 
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AS sy | 
xil yor behaves like AC 
ys 


~~ n 
n that 
assical Oscillator i wR Anay tica] Models 
> ` N é MPortant - 
Anfa x Observat; a 
Tall but finite probability to extend bey ond the classica] Dservation 'S that the gu; 
ae? ws is also tunneling, "mit, This feature ofthe hae aie cill 
auctions i harm i : Mor hi 
e oscil] as 
Adding cubic terms to the Hooke S law pote tial wou} ta 
AGES o ~ g e ` a g I 
sential is an example of an anharmonic functior ecause jt Rein 
pred a of the exponential \nvolves terms of ms, Y pow eas 
pune xi frequency is directly pro tional to z' 
an è is the force const: 
“v ; 


It us how stitt a bond is. 
A better potential energy functi 
Morse and harmonic oscillator 
i ihe energy well. Solving the 
D `~ 
Baw levels that g 
` =e 


Vibration is the Morse 
resemble each other close 
Schrödinger equation using 
et closer together as y increases leadi 
plateau region of the potential. The Mu 


; NY to diss 
TSE potential also has 
when v = 0. 


For a line to appear in the IRs 


pectrum 
vibrating atoms in a vibrational m 
t > 


ode have 


gts and moments of inertia ari 
these spectral details consist i 


Kv) 


increases with increasing J. 


be 
the M, component, can 
Only one component of angular momentum, mae abit een 
determined in quantum mechanics. The operator 
5 0 
M, = -jih — 
o ing insights. When J =0, 
Interpretation of the J states yields some ee ailarion ana vibeadon 
1= 0 meaning that the molecule is not rotating, 5 i all values of © and 
are possible. In a statistically large sample of mo niey ts rotating, The rotation 
© are equally represented. When J= 1, the molecule is are allowed, those 
Í ‘ -axis ar > 
iS such that only 3 planes of rotation relative to the arn orientation of the 
Corresponding to m; values of +1, 0 and -1. pene no restriction on the 
Plane of rotation about the z-axis is restricted, there onent of angular 
angle of © this rotation can have. While the z comp 


ined. 
determine 
nd y are un 
Momentum must have specific values, those of x and y 
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Allowed spectroscopic transitions require a non-zero value for the transition moment integral 
ny = YP AY? sin Odd dp 
1 i 
so that the dipole moment of the molecule cannot equal zero and the allowed quantum state changes are 
AJ =+1 and Am, =0,+1 


Absorption of microwave energy produces a transition between rotational energy levels given by 
h? ” 
hy = hew = 2(J, + Na or V=2B(J, +1) 
z K Ah 
a = 2hl 8x21 


and J; is the original rotational level of the transition and B is the rotational constant. From B we can determine the 
moment of inertia, /, and the internuclear distance using / = ur. 


Study Questions 


Which sketch in the figure on the right does not 
represent a possible wave function for a one- 


dimensional potential energy well of finite 
height? 


(A) A (B) B (C) 


‘Knowledge Required: The properties of wave functions and that probability density functions that are obtained 
from the product of the wave function with its complex conjugate. 


Thinking it Through: First look at the figure and observe that responses (A), (C), and (D) represent wave 
functions for the n= 1,n=2 andn=4 energy levels of a box with finite barriers. Response (B) does not represent 
a wave function; it represents a probability density. The correct response is (B). When we look at A, C, and D we 
see that the wave functions are for energy levels increasing in order D < C <A, Response (A) is above the barrier 
height for the wall and has a higher frequency than the others. Response (D) has no nodes so it must be associated 
with the first energy level where n= 1. Response (C) has one node so it must be the wave function for energy 
level where n = 2. 


The energy of a particle in a three dimensional box with equal sides is given by 


2 k 
E ya" (n +n + "| Su where n,, ny, and n, are the quantum numbers defining an 
m 


independent state. The degeneracies of the first, second, and third energy levels are 
(A) 1,2,3 (B) 1,3,1 (C) 1,3,3 (D) 1,2,2 
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: i Aple 

giga Required: The energy of the energy levels increases gris> Me Analytical Mog, 

ah o; the permutation of the integers 1, 2, and 3 over the es as the quantum, p ddels 

incre? tevels. he My, and numbers repa 

of energy lev n, quantum number e enting the a 
Cads to q Cvels 


Seeneracy 


rr. Through: Each n can vary independent 
rink 1, and m= 1 defines the lowest energy ea oe 
no iy | has one of the n values equal to 2 


Nergy, 
onse is (C), Kema 


For a particle in a one-dimensional box with finite 
following statements is true? 


| walls = 
| Satx=0Oandx= L, which one Of the 


(A) The probability of finding the particle in the 
quantum number n. 


left- 
eft-hand half of the box depends upon the 


®) The average value of the position of the particle į 
Particle is L / 2 for an 
y allowed state, 


(C) In the lowest energy state the probabili ; 
is zero. probability of finding the particle in t 


he middle third of the box 


(D) The separation between energy levels increase 
s as the mass of the particle į 
particle increases 


Knowledge Required: The probability of finding a particle in the box is give nper 

function which depends on the wave function squared. The functions tee tö MAr ee distribution 

levels and how these functions look when squared. The expression that is used to i a a ss 
of a particle 


in a box. 


Thinking it Through: Let’s look at this question by eliminating wrong respon irst elimi 

because in the equation for the AE we find that since mass (m) is in ihe rin arain 
decreases as m increases. Also eliminate response (C) because the wave function squared for the lenea aimi Si 
a maximum at the center of the box. Finally eliminate response (A) because the probability densities for at 
rticle in a box are symmetric. The total probability for finding a particle is given by the area 
density. Since area on the right side of the box equals the area on the left hand side of the 
1, the probability on each side of the box is 4 for all values of n. Only response (B) 


has 
energy levels of a pai 
under the probability 
box and the total probability is 
is correct. 


SAM-4. The most important defect of the simple harmonic oscillator (SHO) approximation for the upper 
vibrational levels of a molecule is that 


(A) all SHO levels are evenly spaced. 
(B) there is only a finite number of SHO levels. 


(C) SHO levels do not change with polarizability. 


(D) the SHO model only allows symmetric stretches. 


uadratic function 
d represents the 


representation of a bond between two atoms. 
harmonic vibrations of real bonds especially we 


i ic oscillator model are @ 
Thinking it Through: The solutions to the Schrödinger equation for the simple hare SHO model can be 
series of functions identified by quantum numbers v ranging from zero t 


applied to any normal mode of vibration including asymmetric stretches sae 
consider bond polarizability as part of the model. Consequently only resp 
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Ae 
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Simple Analytical Models 


a a ee A 


SAM-5. For a harmonic oscillator, V (x)= Vk and the wave function is Y, (x) . If an anharmonic energy 


term is given as V '(x)=- Vax , then the energy for an anharmonic oscillator is 


A) Yoav fu s(a)[- Yor O [Ke vo (dae 
(©) Miwa fu [y - yw |wolx) ee (D) Mave ||- Ko Jax 


Thinking it Through: First write the Hamiltonian for the anharmonic oscillator, H = H, + H, , where 
H,=- eax’ . Next write the Schrédinger equation E = vi (x)(4 a= pA )vo (x)dt and expand the integral 


to obtain £ = E, + Jui (x)(- Ka )vo (x)dt where £, = Vh . After examining the choices we see that the 


correct response is (A). Response (B) neglects the £, term; response (C) includes an extraneous cubic potential 
term; response (D) is missing the wave functions in the integral. 


SAM-6. In the quantum mechanical solution for the rigid rotor, the square of the angular momentum is given 


by ; 
P= J(J+1)(%,) 


If J = 2, the possible values for the z component of the angular momentum are (in units of h on) 
(A) 2,1,0,-1,-2 (B) 1,0,-1 (C) 0 (D) 2, 1,6 
Knowledge Required: The relationship between the eigenvalues of the total angular momentum squared ‘operator — 


È and the z-component of angular momentum È, and between quantum states described by / and my. 


Thinking it Through: The total angular momentum squared, the eigenvalue for È is given by 
2 
L =J(J +1)(%,) . The quantum number J labels the rotational quantum state. Each quantum state has a 


degeneracy of 2/+ 1. The eigenvalues for the z-component of the angular momentum states ranging from +J to 
—J are called m;. Thus when J=2, my =2, 1,0,-1,-2. Thus the correct response for this question is (A). 


Response (B) corresponds to a state with J = 1; response (C) corresponds to a state where J = 0. Response (D) has 
no relationship to rigid rotor quantum states. 


In units of A? /2/ , what is the energy separation between adjacent rotational levels J and J +1 ofa 
freely rotating linear molecule? 


(A) J(J+1) 


(B) = (2 +1) (J +1) 


© eye bs D)  2(J+1) 
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rough: The peaks in the microwave spectrum fi rum. ~~ 


or a diatomi 
rotational energy level of a molecule. The tomic molecule 


energy for each energy 


are due to transitions 
level is given by 

E=hw=2(J4 ye 
Ponse (A) is found as Ah 
correct form for an a 


AJ=+1. Thus the correct response is (D). Res and the allowed 


Part of the angular 
Nswer to this testion 


The intensities and peak positions shown here 
<aM-S: were computed for one branch in the rotation- 
vibration spectrum of HCI molecule in the ay 
microwave region using the rigid rotor model at i 
298 K. When the temperature is increased to s 
1000 K we would expect the spectrum to change z 
so that 


(A) the maximum intensity would occur for a peak at a higher wavenumber. 


(B) the spectral lines corresponding to a given transition shift to wavenumber. 


(C) _ the current peak with maximum intensity would remain the most intense but additional peaks 
at high wavenumber would appear. 


(D) all peaks would retain their current relative intensities and show an increase in absolute 
intensity. 


nowledge Required: Ro-vibrational spectra appear in the infrared region of the electromagnetic spectrum. Such 
ai consist of a series of nearly equally spaced lines, these lines vary in intensity because of consideration of 
s 


the Boltzmann distribution and the degeneracy of each state. 


inking i + The spectrum in the question clearly shows a series of equally spaced lines in the correct 
Hongo A Sos centering the Boltzmann distribution the maximum would shift to a darin Pp 
if temperature is increased because there would be sufficient energy to populate apa paure oe = uta 
ee ane ‘oO a niin naman ae die ee energy levels in 
ift the frequencies as in response (C) because these a 
reins These differences << not affected by temperature. At higher apeta E a 
energy so that higher energy states would become more populated at the expense : E borane 
there would be a different energy level with a maximum population resulting i 5 fee dive ee 
additional peaks observed in the spectrum at higher frequencies. Response ( Li ong especialy states that 
absolute intensity requires increasing the number of molecules in the system. q 


only temperature is increased. 


Simple Analytical Models 


t some temperature 7 is shown in the choices, The 


ectrum of HF a 
high temperature could be 


f the ro-vibrational s 
pectrum at a 


A portion 0 
appearance of the s 


SAM-9. 


(A) 0 Separation from band origin, cm! (B) 0 Separation from band origin, cm- 


0 Separation from band origin, cm" (D) 0 Separation from band origin, cm! 


(C) 
Knowledge Required: The reasons for line heights and their spacing in ro-vibrational spectra. 


Thinking it Through: One branch of the infrared spectrum of a diatomic polar molecule looks like a set of nearly 
equally spaced lines where the lines first increase and then decrease in intensity. Knowing this you can eliminate 
response (A). Response (C) shows a single line, which implies equal spacing between rotational states, which is 
incorrect or that only a single rotational transition can occur, also incorrect. The only viable responses are (B) and 
(D). Because only four lines of the sample spectrum are shown we cannot see the decrease in intensity and 
increasing separation between lines that occurs at higher frequencies. Therefore, response (D) corresponds to the 
higher temperature as the decrease in intensity for the high J lines is not seen and is the correct response. 


pacings compared to those of HCI are 


In the rotational spectrum of DCI, the rotational line s 
approximately 


(A) Halved. (B) Doubled. (C) Tripled. (D) Unchanged. 


SAM-10. 


Knowledge Required: The lines in a pure rotational spectrum are equally spaced using the rigid rotor model and 


that the separation between lines equals 2B where B = r ; and the moment of inertia / = wr? with p being the 
TC. 


reduced mass and r the internuclear distance. 


Thinking it Through: B ay, and thus B œ A . First evaluate u for both HCI and DCI. The result is Hac ¥1 
HCI ~ 


B, 
d z2, DC! zl ; 
and Mpc * 2. Thus Sr. K or Boci © ( FA Baci- The correct response is then (A). Response (B) with 


. B 
ratio, A , Is the i i i i i 
Bac Inverse of the ratio called for in the question. Response (C) is not correct because there is 


no tripling seen in the ratios obtained from the i i i 
Bhe paa haja a sri for B and /. Response (D) is also Incorrect because the 
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practice Quesuons 
for a particle in a one- 


r a jength 

i ga pox is doubled the energy will be 

Aye 

(a) 2007 
B) + ¡mes the original energy. 
B 77 

O * of the original energy- 


D) 


the original energy. 


„ofthe original energy- 


2 confined in a one-dimensional box 
est energy of E,. If the mass of the 
doubled, the lowest energy will be 


ich 
pas 2 low 
panicle is 
(A) Z670- 


(C) E: 2: 


(B) doubled. 
(D) £,/4. 
ional quantum mechanical 


he harmonic oscillator and the 
th infinite walls differ in 


The one-dimens 
descriptions of t 
particle-in-a-box wi 
that 


(A) the energy levels for the particle-in-a-box 
are nondegenerate whereas those for the 
harmonic oscillator are degenerate. 


(B) the particle-in-a-box energy levels get 
farther apart as the quantum number 
increases, whereas the harmonic oscillator 
levels get closer together. 


(C) the particle-in-a-box wave functions are 
orthogonal to each other whereas the 
harmonic oscillator wave functions are 
not. 


(D) the particle-in-the-box wave functions do 
not penetrate the box walls, whereas the 
harmonic oscillator wave functions 
penetrate into the classically forbidden 
regions. 


We can model 1,3,5-hexatriene as a box of 
length 0.904 nm, with 6 electrons in the first 
three energy levels. What is the frequency of 
an electronic transition from the highest- 


occupied orbital to the lowest-unoccupied 
orbital? 


(A) 7.78x10" Hz 
(C) 1.24x10"5 Hz 


(B) 1.00«10'* Hz 
(D) 1.11x10" Hz 
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. Given the figure 


Which; 
hich is not spectroscopic evidence for the 


anharmonici 
ate onicity of the potential energy as a 
ion of internuclear distance? 


(A) unequal spacing of the rotational fine 
structure of infrared absorption bands 


(B) the existence of ov 
t ertone bands i 
infrared absorption spectrum — 


(C) unequal spacing of the vibrational fine 
structure of UV-visible absorption bands 


(D) observation of combination bands 


. Compare the force constants for the bond 


strength in HCI and DCI. 
(A) (HCI) >> k(DCI) 
(B) (HCI) << A(DCI) 
(C) A(HCI) = (DCI) 
(D) 2KHCI) = DCI) 


which describes 
a Morse potential MW) 
for a diatomic 
molecule, 
identify and 
describe region 3 


(A) This is the attractive region of the 
interaction where the molecule is most 
stable. 


(B) This is the area describing where a 
molecule will dissociate because of 
repulsive forces. 


(C) This region is for a bound state of the 
molecule, but repulsive forces are pushing 
the atoms apart. 

(D) This region is indicative of a highly 


activated molecule, experiencing 
attractive forces, but only weakly bound. 


a oo 


P 


Pi 


8. 


10. 


Simple Analytical Moucts 


For a diatomic molecule considered as a rigid 


3 
2 


rotor, e-(F ou rl). When J> I, 


(A) the angular momentum vector has only 
one possible orientation. 


(B) the molecule is in the lowest energy state. 


(C) the magnitude of the angular momentum 
is h(2)*. 

(D) the magnitude of the angular momentum 
depends on the value of my. 

Which system does NOT have a zero point 

energy? 

(A) particle in a one dimensional box 

(B) one dimensional harmonic oscillator 

(C) two particle rigid rotor 

(D) hydrogen atom 

Ceo has 60 electrons from p orbitals not 

involved in the sigma bonding. If you model 

the electrons as particles on a sphere, what 


value of / is that for the highest occupied 
molecular orbital? 


(A) 5 (B) 6 (C) 30 (D) 60 
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Model Quantum Mechanical Problems. 
Atomic Systems 


From the perspective of a chemist, the hydrogen atom wd ain se io Sl model 
quantum mechanics. One-electron systems are the only atomic cst a esi or Which the electronig 
Schrödinger equation can be solved exactly. The hydrogen atom f aiaee iren a solutions to the 
Schrödinger equation provide a mathematical basis for approximate soi 2 or multi-electror i 
and molecules. Finally, the hydrogen atom wave functions are a powerful language chemists can use to 
qualitatively describe the electrons in atoms and molecules. 


Problem in 


The time-independent, non-relativistic Hamiltonian for a one-electron hydrogen-like atom is 
h? > Wo, Ze 

—— V; ->V - 

2( m,, +m,) 2u 4ne,r 


given by 
ġa 


where my is the mass of the nucleus, m, is the mass of the electron, V4 is the Laplacian, R is a vector giving the 
coordinates of the center of mass of the atom, u is the reduced mass of the electron and the nucleus, r is the 
distance between the nucleus and the electron, Z is the charge on the atom, ¢ is the charge on one electron, and ¢. i 
a constant called the permittivity of vacuum. The first term in the Hamiltonian describes the kinetic energy of the 
entire atom moving through space, the second term describes the kinetic energy of the electron Moving within the 
atom and the third term describes the potential energy of the attraction between the nucleus and the electron. 


The details of the hydrogen atom solution are not shown here. Ultimately, the eigenfunctions consist of a 
radial component, normally designated R,,, and an angular portion designated as Y, ( 8,0) 
spherical harmonics defined for the rigid rotor. These functions introduce the three cha 
numbers; n, l, and m;. In a mathematical sense these 


eigenvalue problem for the hydrogen atom. These 
needed. 


„and given by the 
racteristic quantum 
quantum numbers designate specific functions solving the 
functions will be given in your textbook and on the exam if 


Notice that two of the three p functions are not real valued (m= 
of the p orbitals constructed by taking the linear combinations of Pi 


combination of degenerate solutions is itself a solution with the sam 
similarly. 


+1). Chemists often use real valued versions 
and p_,. This can be done since any linear 
e energy. The d orbitals can be treated 


The wave functions, or the corresponding probability density functions (Win wim) 


surfaces of equal electron density, giving the familiar orbital shapes. The phase of the wave function (negative or 
Positive) is sometimes indicated on the electron density surfaces as well. The energies of the hydrogen-like atom 


depend only on the principal quantum number, n, and are given by 
_ -Z*pe* ] 
"O 32ème? nè 
Note the energies are the same as those obtained from the Bohr model. 


are sometimes graphed as 


Though the hydrogen-like atom model does not explicitly include electron spin, it can be introduced by 
assuming that the spin Hamiltonian can be separate 


min | d out so that the spin part of the wave function can just be 
multiplied by the solutions to the electronic Schrédinger equation. The complete wave function for a one-electron 
atom including spin thus has the form 

Vaim (7,0;9) OF Wi. (r,8,9)B 
There is a spin angular momentum quantum number m, 


1 
associated with each spin function, +S for a and “= 
forB . 
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a atoms are significantly more complicated Systems fr 


fany E ed mes sufficiently complex that analytical solut m the Perspectiy, 


A t ivas ar © of quant 
$ thematics introduced. Understanding the quantum Nature of many-ele longer Possible, | m mechanics, 
qhe M mations x hese various approximations. ctron atoms ultimately oe of 
ro’) noO Ulres th 
ap? nding e 
sia 
unde 


lectron Wave function is generally Written as 
e many call ons to the hydrogen atom problem in thi 
e 


us : 
possible “later orbitals of the form, 
writte 


a product of 


One-electr, 
Srole. Com a 


n wave functi 
azir 1Ons. It j 
ly, the ne-electron functions a 
Te 


x (xı) x, (x,) X (x, 
W(X XX) = (MIP u(x) u(x) Ha, 


X (xx) X (xy) X (xy) 
dint of Slater orbitals is that they are antisymmetric with respect to the exchange of any two electr 
one €ctrons, 
Iti-electron atomic energies depend not only on the Principal quantum 
Mu n, but also on the angular quantum number, /. The familiar pattern of ee 
Te Oe and electron configurations are as depicted in the figure. 
orbita 


4s 3d 
——, 
In addition to this change, things like orbital occupancy, and splitting by Ba — 3p 
| magnetic fields can be addressed. The spin-orbit coupling, arising 5 3s 
ee interaction of the electron’s magnetic moment and its orbital motion § — 
Ka the nucleus, can be dealt with using LS coupling or Russell-Saunders 2p 


coupling methods. This form of coupling can be observed in the fine Structure 
fatomic spectroscopy. These states can be split further by the application of 2s 
parna magnetic field via the Zeeman effect, Thus, as degeneracies are 
removed, an electron configuration, such as np , can be divided into terms that 
reflect the orbital occupancies, which can be split Into multiplets by the spin- 
orbit interaction and these multiplets can be Split into states by an applied 
magnetic field. Is 


Study Questions 


Of the five orbitals in the d subshell of a hydrogen-like atom, only the angular wave function for the 
m=0(d z2 ) orbital is real. How are the other four real orbitals (dy, drs, d,., and d By ) generated? 


(A) Using the variation method 


(B) Including the spin wavefunctions 


(C) Applying the Heisenberg uncertainty principle 
(D) 


Taking linear combinations of the imaginary functions 
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. Atomic Systems 
Model Quantum Mechanical Problems: Ato ; 
Fv drogenlike atom are degenerate, that is, they all have the TAN i 
— hydrogen-like a ener at is, they all have t | 
rel en of eh i e Schrödinger equation is itself a solution with y, 
Knowledge Required: heata of degenerate solutions to th a | 
w 


energy. Any linear com 


igj lutions. 

røy as the original so : : er ed 

same energy hod is used to generate approximate solutions to the Schrödinger 
metho 


ons for hydrogen-like atoms are exact, so we can sce cee al bi spin wave | 5 
equation, but the solutions 10 + Cartesian space, SO multiplying wave łu y Spit ons will not A 
functions are not functions In rea tion in any Way, SO response (B) cannot be correct. The Heisenberg i 
change the Cartesian part of the U measurements of properties, not the values of wave functions, so 
uncertainty principle addresses simu linear combination of the degenerate d solutions is also a solution, wecan | 
epee oi Sage eee that are real valued and have the same energy. Response (D) is Correct, 
construct “to order a 


Thinking it Through: The variation 


can be depicted 


i tions, Ros, i 
The 2s radial wave func 2s: the y-axis 


in a variety of ways. Given the figure, 
identification is 


(C) rR D) rR 


(A) R B) R 


Knowledge Required: Be able to accurately sketch the wave functions for a hydrogen-like atom in several ways, 
including the radial distribution functions, the radial part of the solutions, and the angular part of the solutions. A 
radial node is a region (point, line, plane, surface) where the wave function is zero. The number of nodes in a 


hydrogen-like orbital is one less than the principal quantum number. 


Thinking it Through: The graph does not have a node at r = 0. Graphs of either °R or fR? would have a node at 
r = 0, therefore neither response (C) nor (D) is correct. A graph of F? would have only positive values, therefore 
response (B) is not correct. The radial function for a 2s orbital has one node, so response (A) is correct. 


If a hydrogen atom with a 1s configuration is placed in a magnetic field, the electron spin degeneracy 
will be removed and the number of states with different energies will be 


(A) one (B) two (C) three (D) four 


AS-3. 


Knowledge required: The term degenerate refers to a set of states described by different quantum numbers but 

having the same energy. The orbital degeneracy of any hydrogen atom energy level depends on the principal 
quantum number, n. The electron spin degeneracy of any given orbital is two, corresponding to spin angular 
momentum quantum numbers of +4 and —'⁄. 


Thinking it through: The orbital degeneracy of the n = 1 configuration is 1. This orbital has two possible spin 
states, which are ordinarily degenerate. In a magnetic field, the spin states are no longer degenerate, so they would 
have different energies. The correct response is therefore (B). 


A certain hydrogen-like atom (with only one electron) emits light with a frequency of 2.2x10™ Hz 


associated with the n = = iti : ; . 
ou €n=2ton=| transition. What frequency light will be emitted for the n = 3 to 


A) 3.08x10!5 
: * a Hz (B) 370x10" Hz 
4.11x10 H 
E (D) 740x10" He 
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eM ti 


~ ane mh 3 ` } x, Sy ra r ——__ f 
ered: The frequency of light emitted as a result of a transition 5 
rgy difference between the states. The 


etween tw = 
Req energy ofa state į © States is directly 
one ; aa fing Men; rect} 
i ie, jo the è ) is inversely proportional to the square of the Principal gu; à Tydrogen-like ato y 

ote electron quantum number n of Y atom 
een By of a state is i oneal 
i gh: Because the energy of a state is inversely proportional to the principal gy 

. 5 anae oy S ? F A ° 
ogintité it pe closely spaced api dee g ipa : hus, the energy difference elena Number, the 
> ill be m0 than between states = 2 » and the frequency of light emitted will b ates n= 3 and 
a will be less een principal quantum number and energy, Write © smaller Using th 
* post TW AE(n, >n)= E,, =E, 
È a l l 
n n 


l 
= constant x = tan L3 
ny n 


AE , the ratio of the frequencies is the same as the ratio 
cause V pre the energy differences and the Principal quantu 
jonship 
relatio 


constant E - =] 


of the energy differenc 


€s. Using the 
m numbers yields 


V3.2 _ 2. 55 
v 7 1 l V32 ~ 57 Va 
2) constantx{ ==- ) 


1 
=3 = iti hl = = 
| -equency of the n = 3 ton 2 transition thus should roug y be 5 of then=2 ton 


= | transition, response 


| (C) is correct. 


The square of the wave function, Wi, , for the hydrogen 1s orbital has 


(A) Amaximum atr=0 (B) A minimum at r = 0 


(C) A maximum at r = ao (D) A minimum at r = ag 


Knowledge Required: Graphical representation of hydrogen Is orbital and densities. 


Thinking It Through: The square of the hydrogen 1s wave function decreases exponentially from r= 0 to a ji 
in ; 
There i maximum at r = 0, thus response (A) is the correct response. Response (B) would be correct for r° y, 


AS-6. 


Which statement about the hydrogen atom is true? 
(A) The energy of a state does not depend on the azimuthal meas number. a 
(B) Energy levels become more widely separated as the pona ja - pe 
(C) The total number of nodes in a wavefunction is equal to twice the principal q 


(D) The 3d,, orbital has one angular node and one radial node. 


Knowledge Required: Facts about the hydrogen atom. he principal quantum 
ends on the pri 

Thinking It Through: Response (A) is the correct response; the energy oe ae The energy levels or 

number (n) and not on the angular momentum (/) or azimuthal (m) liani (B) is incorrect. The total ata 

hydrogen atom become closer together as n increases, therefore soa dial nodes and two angular nodes, 

nodes is n not 2n, response (C) is incorrect. The 3d,, orbital has zero 

response (D) is incorrect, 
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Model Quantum Mechanical Problems: Atomic Systems 


AS-7, Consider the full Hamiltonian for the hydrogen atom —, 


2 
H=- y? 2 h 
2M pictus ig 2m aa Ka 
i i a tron 
After the coordinate transformation, the electronic kinetic energy term becomes Aner 
2 
K 7 Ë y 
Ay =N (B) v? 
M nucleus Matec fron H 


© ae (D) None of the above 


Knowledge Required: Mathematical solution of the hydrogen atom, Schrédinger equation, coordinate 
transformations. 


Sa 


Thinking It Through: The Hamiltonian for the hydrogen atom is correctl 
Following the coordinate transformation the Hamiltonian becomes 

te 2 Agi Ze 
2M “ 2p "© Aner 

The first term corresponds to the kinetic energy of the whole atom; the second term to the kinetic 


A 5 ; energy relative 
to the nucleus, and the third term to the potential energy where M is the sum of the masses (nucleus + electron) 
and p is the nucleus/electron reduced mass. Thus the correct response is response (B). 


y expressed in the stem of the Problem 


Ĥ =- 


How would you calculate the probability of finding the 1s electron for a hydrogen atom at r > a)? 


(A) ÎR, (r)R, (r)r?dr (B) ÎR, (r)rR, (r)dr 
(C) ÎR, (r) R, (r)dr (D) ÎR ()R, (r)r2dr 


‘Knowledge Required: Calculations of properties. J 


Thinking It Through: The probability is associated with an integral of yy (appropriate volume element) over 


the proper range. In the case the range for r is ay < r < co; thus responses (A) and (C) are incorrect responses. To 
separate response (B) from (D), we look for the appropriate volume element which is /dr for the spherical 
coordinate system of the hydrogen atom problem. Thus response (D) is the correct response. 


The wave function for the lowest excited state of the helium atom is proportional to 

(A)  18(1) 18(2) {a(1) B(2) — B(1) a(2)} 

(B)  {18(1) 2s(2) — 2s(1) 15(2)} {a(1) B(2) - B(1) a(2)} 

(C)  {18(1) 2s(2) + 2s(1) 15(2)} {a(1) B(2) - B(1) a(2)} 
{Is(1) 2s(2) — 2s(1) 1s(2)} {aC1) B(2) + B(1) a(2)} 
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Practice Wuesuons 


1, What is the expectation value of r, (7) , for the 


electron in the 1s orbital of hydrogen, where 
3 


; REAA 
ti =—=|—ļ| e ? 
the wave function is y +(2| 
A x 
y [vrydr 
0 
(B) =, 
) [yrydr 
O s., 
fy ydr 


0 


(D) ? 


© 


fivry r° sin@dr dð dọ 
00 


» Inthe absence of 


a magnetic field, the order of 
the hydrogen ato 


m energy levels is 
(A) E> Ey, > E, > Ex. 
(B) £, <E„= Ey < Ex, 
(C) E< E, 


S Ex < E;;. 
(D) £> E, 


3 Er > Es. 
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3. In the presence of a magnetic field in the z 


direction, the ordering of the energy states of 
an atom is 


(A) E, > E, > E,- 
(B) E sE 28, 


(C) E, = E, =E 


Pa * 
(D) indeterminate. 
4. Measurement of the z component of angular 


momentum for an electron in the 2p, state will 
yield 


(A) +1h. (B) -1 h. 
(C) 04. (D) +14. 
5. Which graph would be best used to explain 


why the average electron-nucleus distance for 
the 1s state of the H atom is 0.529 A? 


(A) Ragainstr (B) R against r 
(C) °R againtr (D) y? against r 


f 
octane oy ecamscarmmer mmaa 


g“ 


oe 


` Pp S: 
Model Quanta Mechanical Problems 


0, 


Atomic Systems 


The average value of the angle 9 for an 
electron in a H atom Ly orbital is 


(A) 0 (B) m. (C) n (D) 2n. 


The Na atom has 2 lines in the yellow region of 
the spectrum, These arise from transitions 
between which energy levels? 

(A) 3s > 3p (B) 3s — 4s 


(©) 3s > 3d (D) 3s > 4p 


he Hg atom has a long-lived excited state 
which emits at 253.7 nm. The likely transition 
causing this emission is 


(A) 6s7s5d" 'Sy > 6s°5d" 'Sp, 
(B) 6s7s5d' "Sy > 6s°5d" 'So. 
(C) 6s6p5d'°*P, > 6875d'° 'So. 
(D) 6s6p5a'°'P, => 6575d'° 'Sp, 
What factor in the quantum mechanical 


equations of multi-electron atoms makes them 
so they cannot be solved analytically? 


(A) the spin operator 
(B) the electron-electron repulsion term 


(C) the need for the Born-Oppenheimer 
approximation 


(D) the non-zero commutator between the 
electron position and momentum 


How many nodes are present in a 4d orbital of 
a hydrogen atom? 


(A) 3 angular nodes 

(B) 2 angular nodes and | radial node 
(C) l angular node and 2 radial nodes 
(D) 3 radial nodes 
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Symmetry 


Symmetry considerations allow chemists to organize information about the complex shapes of molecy| 
orbitals in a compact form. Information about the symmetry of orbitals and molecules can also help predict. and 
spectral transitions will be observed. Finally, symmetry considerations can simpli fy calculation of the molea 
wave function. One way to classify the shape of a molecule is to determine its point group by ascertaining Mik 
symmety operations can be applied to the molecule. The symmetry elements found in molecul Ich 


i ar point (or 
svmmety) groups are C, axes (an -fold rotation axis); o, (“vertical” plane of symmetry that contains the 


principal rotational symmetry axis); 6, (“horizontal” plane of symmetry that is perpendicular to the 
a > " = . 7 R 
rotational symmetry axis); ; (inversion through a molecular center); S, (improper rotational axis e 
fold rotation around the axis followed by a reflection through a plane perpendicular to the axis). 
determining the symmetry group of a molecule is typically found in your textbook. 


Principal 
quivalent to an n. 
A flow Chart for 


Because the molecular symmetry operations commute with the Hamiltonian, the wave function Must also be 
enfunction of the symmetry operators. One consequence of this is that molecular orbitals will be either si 
symmetric or anti-symmetric with respect to each symmetry element of the molecule. Molecular normal 
vibrational modes are also characterized using symmetry operations. Instead of symmetry elements, the irreducible 
representations are used. The character tables for each point group list the irreducible representations for that 
group Normal modes with irreducible representations that transform as the electric dipole does (typically 
indicated by x. y, z in the far right hand column of a character table are IR active. Modes which transform as the 
polarizability does (indicated by x’, y’, z’, xy, xz, yz) are Raman active. To determine which irreducible 
representation a given normal vibrational mode belongs to, apply each symmetry operation of the molecule’s point 
group to the vibration and note whether it transforms symmetrically (no change in direction) yielding a character of 
| or asymmetrically (changes direction under the operation) with a character of -1. Match the list of characters so 
generated with those of one of the irreducible representations in the table. The number of normal modes is 3N-5§ 
for linear molecules and 3N — 6 for non-linear molecules, where N is the number of atoms in the molecule. 


oe. 
Zi 


4a 


Atomic and molecular terms symbols provide a summary of the possible detailed electronic configurations and 
energies as well as a quick guide to allowed transitions. In general a term symbol has the form ?$*' y j» Where 25+] 


is called the spin multiplicity. S is the sum of the spin angular momentum of each electron. Note that operationally 
only open subshells need to be considered in computing L or $. X is a letter indicating the maximum value of the 
total orbital angular momentum L. For L = 0,X=S;L~=1,X=P;L=2,X=Dzete. The possible values of L for 


an electron configuration range between |/, +1|2L2 l -1,| 


When writing electron configurations of atoms correctly one also uses Hund’s maximum multiplicity rule 
which states that an atom in its ground state adopts a configuration with the greatest number of unpaired electrons, 
This generality arises out of the more specific Hund’s rules which assign relative energy to spectroscopic states 
based on S, L, and J values, Summarizing these, the state with the largest S is most stable and when there are 
identical 5 values for two or more states then the largest L is used to determine the most stable state. Finally for 
states with the same S and L, the lowest energy state is chosen using the smallest J when the shell is less than half 
filled or the largest J for a shell that is more than half-filled, 


Transitions between atomic states depend on the selection rule 
atoms the electronic selection rules are 


AJ =0,41(J 0+ / = 0 ig forbidden ) 


s for electronic transitions, For many-clectron 


AL © 0,41 
AS @ 0 
A= 4) 


pe og 


Pi Wicu Vy VAIIIOVUAIIICI 


possible term symbols from electron configurations | 


- How 10 determine 


ere gE Req tr sa 
di os à - 5 whether 2 given electron configuration corresponds to an S and or Pt 
i k Į to an S and or P term 
ough a i 1 values for ie unfilled shells. In this case L=/ +l, = me 
T å erm i l. =0+0=0:2=0 states | 


, sing 1 - 
pin ye of LOY summing á an : hi 
pit dS. jf both spins az paired S= 0 and the spin multiplicity is |. alternatively the spins could be 
51 = | and the spin multiplicity 1s 3. The two possible terms are thus 'Sand’S (A) is th 
” ah C S Ure 


St 
a) G (By) G © G D) Ds 


f owed gt Required: Be aiet classify the symmet> of the molecule: the orbitals of a molecule must have the 
same symmetry 45 the molecule 
| qhinking it Through: BF; hasa 3-fold axis of symmetry perpendicular to the molecular plane, a plane of 

3 2-fold axes of symmetry perpendicular to the 3-fold axis. therefore it has Dss 


, (the molecular plane), 5 
le must have the same nse (D) is correct. 


Using the orientation shown, choose the | 

irreducible representation representing the yN (i | 

vibrational mode in the figure : | 
ee ) 


Ca, representation 


P, 


Knowled wad: A __—_—_ 
(This pit ca The effect of symmetry operations, the convention that the oy’ plane is the molecular plane 
ermined from the character table, which notes that yz transforms symmetrically with respect to 


Oy). 


Thinking i 

i wrae al Applying E, the identity element yields a character of 1, which cannot help discriminate 

representation must PAEA Applying C2 reverses the motions, SO the character is —1, and the 

Sy has a character of | ee By or Bp. The motions are unchanged by reflection in the molecular plane (0,'), SO 
. The irreducible representation of this vibration is B2, the correct response is (D). 


Am aaa 
olecule is in an initial state characterized by B, symmetry. What is the symmetry of the final state 


when an +. dt ee 
electric dipole transition in the z-direction is allowed? 


i 
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__—— “he character table for a symmetry group to understand spectroscopic transitions ~ 

Too Required: Using the ¢ 
nowledge Required | l 
Kn dipole transition can occur when the integral Í ,2y, dt is non-zero. i, 
n dipo i 

pP netry considerations. We examine the symmetry table given for the 

gives a non-zero integral for 

Jv, 48 dt= [vB dt 


symmetry and response (A) is correct. 


ana 


An electro 


o be 0 using symn 
metry 


Thinking It Through: 


integral can be shown t strate 
previous problem to see W hich sy 


must have A; 


which implies that Y, 


group does cyclopropane (C3H6) belong? 
(B) Ps (C) Dp (D) T 


To which symmetry 


(A) Cry 


“Knowledge Required: The <iructure of cyclopropane; the basic symmetry operations and how to use them to ~ 
Knowledge Requirea: 

determine the symmetry group of a molecule. 

a C; axis through the center of the molecule. There is a plane of 

fore the molecule has D3, symmetry. The correct response is (©). 


Thinking it Through: Cyclopropane has 
symmetry through the molecular plane, there 


The °P; state of the oxygen atom has the 1s°2s°2p configuration. To which excited state is an 
2 . . . . 
electronic transition allowed in the electric dipole approximation? 


(A) 15°2s°2p*, °P, (B) 1s°2s°2p*, 'D, 
(© 1822p", 'So (D) 1s?2s°2p°3p', °P; 


S-6. 


Knowledge Required: How to translate a term symbol into the correct L and S values; the electronic dipole 
transition selection rules. 


Thinking it Through: AS must be 0, so the transition corresponding to responses (B) or (C) is not allowed. AL 
may be 0, so either transition (A) or transition (D) might be allowed. The transition in (A) has A/ = 0, and is 
forbidden. Response (D) is correct. 


The planar methyl free radical, CH, 
many planes of symmetry are there? 


is in the D3, symmetry group. In this symmetry group, how 


Thinking It Through: There is actually an abundance of information given in this problem. The H 
molecule is shown with an electron in a p orbital perpendicular to the plane of the molecule. That N 
is what puts the molecule in the D3, symmetry group. There are three o, symmetry planes 

perpendicular to the plane of the molecule containing each of the C-H bonds. In addition, there is H 


a On plane (the plane of th i 
ie a ; ‘ p e molecule). Thus, there are four planes of symmetry, and the correct response is 


The combinations of atomic orbitals used in constructin 


8 appropriate molecular orbitals for BeH, 


n, 


(A) must have the same principal quantum number 


(B) 


(C) must have the same angular momentum 
(D) must be orthogonal. 


must have the same symmetry as the molecule. 


quantum number, /. 


J 
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equa: Construction oF symmetry a 
pledge Requ! of symmetry adapted 7 
fnowle®? pitals molecular orbi metry adapted molecular 
in orbitals, ital formation from Pred molecular orbit i 
ic orbitals if rape Molecular 
ian sifera” ol 

ang It Through: The principal quantum numb if similar ona alar orbitals — 

nber for the val n ° combination 

Ons 


1,2-dibromoet 
hene possesses which element 
nts of sym 
metry? 


(A) Cx Ov (B) Ca, oy, 
= > (C) Cima 
v Oh (D) Co. j 
2; Oh, l 


Through: Trans-1 2-dibrom 
2 o i 
(at the middle 0 She Co aini a a planar molecule, and it 
is is indicat DONG. A TUS Tes i contai 
a ee r ss 
eee: aie at is btaa the Cz ra eee runs through aS H 
‘ cule a op plane (the > e a 6} plane w c= 
e plane of the n woul / ý 
nolecule) is H N 


Br 


In the molecule allene, the C= 
; $ =C=C group is li 
terminal CH, groups are at right angles l kra 
Aes 
Hy x 


H; and H; lie in the yz pl 
CA an . 
plane: yz plane and Hs and H; in the xz Hylin — 
He COG 
N 


H; 


The double bond betwe 
e i i 
n C, and C; is best described as involving the set of atomic and hyb! 
atomic and hybrid 


orbitals: 
(A) Cusp”), Casp), CiP), C 
, C2(sp), Ci(Px), Ca(Px) B) ae 
: megs (sp), Casp), Cpr), Con) 
(C) (sp); (sp), CiP), Coy) (D) Cilspò, Cxlsp), ie ie 


Knowledge Required: Form 


Thinking It Thro 
ugh: A i 2 
hebod idapo 3 fl erie is formed from an sp hybrid orbital on C, and an sp hybrid orbital on Cz in 
tas Crs oroit and Gs ap orb a ar to the hybrid orbital from each atom. Thus we look for the response that 
2 itals. Only response (A) meets that criteria, so it must be the correct response. 


Practice Questions 


L. 
a water molecule belongs to the C2v 
metry group which contains only 


of Cay symmetry is in an initial 
terized by A2 symmetry. What is 
(A) a90 and 180 degrees rotation axis. the symmetry of the final state when an IR l 
(B) a180 de , , transition In the x-direction is allowed ? The 
pla grees rotation axis, tw0 reflection character table for C2zv point group is given n 
nes, and the identity operation. study question §-3. 


2. A molecule 
state charac 


c 
(C) a180 degrees rotation axis and the (A) Ai (B) A (C) Bı (D) B: 


identity operation. 


(D) areflecti ty 
ction plane and the i i 
cto the identi 
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2 Wae fects ad electronic States of 
3 a ne UAD A lecules are not 


because these 


sconce CastOmi 


f inversion. 


|: an center o? u 
(A) have bo cenie o 2 


have only nwo independent axes of 

BAVE Cul + pos 

roion 

have no symmetry with respect to a plane 
containing the internuclear axis. 


The molecule in the same symmetry group as 


4. 
NH; is 
(A) BF; (planar) (B) CH: 
(C) CH;OH (D) CCl;Br 
5, In this configuration, 
ferrocene does not <7 
e 


contain which 
symmetry element? cy 
(A) co (B) Cs (CE) i (D) On 


6. Which molecule has energy levels described by 
an asymmetric top? 
(A) CH, (B) HCCI; 
(C) CH: (D) BF; 

7. How many normal modes are present for 
H207? 
(A) 4 (B) 6 (C) 7 (D) 12 


8. Molecules of the point group Da cannot be 
chiral. Which symmetry element rules out 
chiral molecules in this point group? 


(A) i =(B) CG, (© oœ =D) o 


9, Molecules in which point group exhibit a Cy 
axis? 


(A) Ta (B) a (C) Da 


(D) none of these exhibit a C; axis. 


10, The number of nondegenerate irreducible 
representations for the C2, point group is 


(A) 0 (B) | ©2 D4 
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Answers to Study Questions 
5. C 
i A 6. D 9.D 
1D 7. B 10. A 
4D 8. B 
4A 
Answers to Practice Questions 
5. C 
.B 6.B 9%. B 
A c 7. B 10. D 
sA 8. C 
4. 
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Orbital Theory 


ogen-like atom are important to chemists because i 
i i cti 5 a a ley 
and mathematically, for wave functions of molecules. As with the on 
ation, but because it cannot be solved exactly for multi-cleen, 
amiltonian for a molecule has the form m 


Molecular 


ion fi e hydr 
ons to the Schrödinger equation for the hy 
eptually 
cks, both conceptually 2° © 
begin with the Schrödinger equi a 
= some approximations. The u 


Å = L perons + Tater 


The soluti 
are the building blo 
electron atoms, We 
systems, we must make 


+ Viecon! cleciron F” mucles /mecter 


+ V aiias electrons 
Ision term, V, _ is what makes the problem impossible to solve analytically The 

p 4 sion > V electron! electron eae i y. 
-electron repu share the kinetic energy of the nuclei is ignored in finding the wave functions 
on, fy molecular problems. Under this approximation the 


The electron 
d by chemists to simplify m 


Bom-Oppenheimer approximat! 
of the electrons, is frequently use 
Hamiltonian for the electrons becomes — , P ee 
H = Ti trons +) macher | electrons + V electron! electron nuclei | nuclei 

electronic elec 


the nuclei is a constant. 


roximate solutions found using variational theory. A trial 
bination of the ground state hydrogen atomic wave 


where the potential term involving only 


There are conceptual advantages to considering app 
ng a linear com 


wave function can be constructed by taki 
functions 
Vu ~ N (Yisa + Wis) 


where N is a normalization constant and A and B denote the two hydrogen nuclei. This function exhibits a larger 

electron probability between the nuclei than on the perimeter of the molecule and is therefore considered 

“bonding”. This molecular orbital (MO) is often designated as so, , where o indicates the electron density is 
axis, the subscript g indicates the MO is gerade or even with respect to the center of 


symmetric around the bond s s ger n i 
symmetry in the molecule. The corresponding LCAO (linear combination of atomic orbitals) wave function for the 


first excited state of H; is 


| N (Yis -Yis ) no" 
typically designated Iso; . This MO has a node in the electron density between the = PO, apr 
atoms, hence it is characterized as ungerade (odd) and is antibonding (indicated by — 20 PM 
the *). z : 
2 = — m, 
l ar , i Ei — 2s0, 
Approximate wave functions for higher energy states of H, can be : 
constructed similarly. We can generate a molecular orbital energy diagram from 250, 
the results. Just as a (slightly modified) hydrogen atom orbital energy diagram is — Iso 
used to predict the electron configurations and properties of multi-electron atoms 3 
i — lso 
5 


ii MO energy diagram can be used for multi-electron diatomic molecules. A 
molecular pais function can be constructed from the orbitals, but it is a non-trivial 
rocess and generally require spite thi i i 

Dire a ig y Sa oan the use ofa computer. Despite this, molecular orbital diagrams can be used to 

y predict the triplet nature of O, and the instability of He». Bond orders can easily be estimated using 

bond order = “01 bonding e —# of anti-bonding e7 
2 
Useful as the LCAO- > ; 
Poiree ne Renna de framework described can be, it does not give the full functional form of 
dipole moment. There are many pa a ve ee eet aaa o ee aa ae a 
Spe are many approaches which ca e ti 
which arises naturally from the fanear Just paid used a find a complete molecular wave function. One 
from the MOs that is antisymmetric with per ei tie the Slater determinant to construct a wave function 
determinant wave function for He). Each entry in the der ange of the electrons. For example, consider a Slater 
spatial LCAO-MO. The number in parentheses design aoaie ABE E aaa i e ee 
S designates the electron the function is describing. 
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o, (l)a c, (1)B o` (I)a 


, Ca 9,(2)B oi (2a ©. (1)p| 
“lO 0) eG) ety 
Oe(4)¢ 9,(4)B ol (aja o Fa 


can be used to find the best a imati 
onal theorem St approximatio i 
„ariatio py finding the set of LCAO coefficients (the Ci Peiris form of 


C2 Etc.) that give the 


h 


-petion 0) eae : 
gave poet Clearly this is a computationally demanding t 
ers! 5 


nest en ask even for small 0 
esl I \ { —, 
A4o-MOs can be constructed for polyatomic molecules as well, MO > = 
ing the 7 orbitals of a conjugated polyene can be built from the ar 5 Š 9 
ae p orbitals. Consider the z orbitals of allyl anion appropriate Š n j +L 
set 0 J 


p ccHcH:] ) shown at the right. Note that the lowest energy linear 


; only one node (in the plane of th ; Do 
nation has On! cS p a e molecule). It is generally true ( H 
the number of nodes increases, so does the energy. f 


combi 
that 38 


Study Questions 


For the H» molecule, which spatial molecular orbital has both covalent and ioni ae 
Vie (1) represents electron 1 in the 1s orbital of hydrogen atom A. iii 


(A) Cis (Wis (2) 


(B) OWVisa (1) Yis (2) + C Yisa (2) Vise (1) 


(C) CW (1) Wiss OEELA (2) Wis (2) 


(D) CMWica (1) Vise (2) HCY (2) Wise (1) + OWica (1) Vics (2)+ Case (1)Vis (2) 


Knowledge Required: Ionic contributions will be distributed asymmetrically over a molecule, by having multiple 
electrons on a single atom. 


Thinking it Through: Each of the terms in response (B) has an electron on both hydrogen atom A and B, so (B) 
has only covalent character. The terms in (C) are likewise distributed over both centers. The first and second 
terms in (D) are covalent (as in response (B)), but the third and fourth terms each have only contributions from 
ese terms are ionic contributions, — 
lid wave function. 


(A) CO (B) NO ©O Q 
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Molecular Orbital Theory 


Knowledge Required: The principles followed in filling an electron diagram: the Aufbau principle (fil re 
bottom up); Hund’s rule (fill across a degenerate level before beginning to pair electron spins); Pauli pee st eo 
principle (only 2 electrons in an orbital, of different spins). Usion 


Thinking it Through: NO and FO have an odd number of electrons, so cannot possibly have all their sping pa; 
Therefore neither of responses (B) nor (D) is correct. The electron configuration of CO is S Paired, 


3 


(Iso T (Iso, f (256, j (2s0;,) (2 pr, y (2 po, y which has all the electrons paired, so the correct response is 


response (A). The electron configuration of O; is (Iso, J (Iso, i (2s0, ) (250; j (2 pr, 3 (2p0, y (2pm: 
& 


the highest occupied level is degenerate with one electron in each orbital, and unpaired s 
have recalled the common piece of chemistry trivia that molecular oxygen is paramagne 
unpaired spins! 


2 

l ) Where 
Pins. You might also 

tic and therefore has 


The diatomic molecule formed from Li and Li’ is predicted to be stable from molecular orbital th 
because it has cory 


(A) three electrons in bonding orbitals and two in antibonding orbitals. 
(B) three electrons in bonding orbitals and three in antibonding orbitals. 
(C) three electrons in bonding orbitals and one in antibonding orbitals. 


(D) all electrons in bonding orbitals. 


Knowledge Required: The principles followed in filling an electron diagram; stable molecules have a bond order ~ 
that is greater than zero. 


Thinking it through: The Li, molecule has 5 electrons, so we can immediately reject responses (B) and (C). 


Examination of the MO energy diagram for diatomics reveals that Li; has a configuration of 


2 Pa} 1 n P . . . . . . 
i (Is, ) ( Iso, ) (2so, ) , with 3 electrons in bonding orbitals and 2 in antibonding orbitals. Therefore the correct 
| response is response (A). 


Using the simple homonuclear molecule MO energy level scheme for the ground state of the diatomic 
boron molecule, we would predict that 


(A) B3 will have unpaired electrons. (B) B; will have all electrons paired. 


(C) B; will have unpaired electrons. (D) B} will have unpaired electrons. 


Knowledge Required: The principles followed in filling an electron diagram. _ TEN 


Thinking it Through: B’ has the configuration (Iso, i (Iso; J (2so, T (2so;, ) , therefore all the electrons are 


paired and response (A) is incorrect. B, has the configuration (Iso, j (Iso; i (2so, (250, J (2 pr, y where the 


electrons in the 2pm, level are unpaired. Therefore response (C) is correct and response (B) is incorrect. Adding 


two electrons to the neutral molecule will fill the 2pm, level and all electrons will be paired, so response (D) is 
incorrect. 
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js removed from N2, the N-N bond lengthens; whereas when an electron is 
electron 
o 


O, the O-O bond shortens. The most important factor involved in this difference 
m V2 


men an : 
Wh d oxygen is that 


ovet 
rem" en nitrogen ar i : 
petwe more electronegative than nitrogen. 


oxygen İs i 
(0 bond distance in neutral nitrogen is shorter than in oxygen. 
the DO l l i 
(B) the electron comes from an antibonding MO in oxygen but from a bonding MO in nitrogen, 
e 
© gen has a higher ionization potential than nitrogen. 
oxy 
(D) : | | _ 
zd; The principle followed in filling an electron diagram; bond order calculations. gi 
— wired: 
edge Red 
pno” 


. Referring to the homonuclear diatomic molecular orbital diagram given in the introduction, 
Through: r of 3 and an electron would be removed from the 2po, orbital (a bonding orbital) 


F ofan ele 
pemo” gr ë bond ord 


mne e correc 


The diagrams shown each represent the atomic 
orbitals that describe the n electron system in 
butadiene; shaded areas are positive — unshaded 
areas are negative. Which of these diagrams 
would be expected to represent the highest energy 
molecular orbital? 


(A) ® (B) ®, (C) ®; 


Knowledge Required: How the number of nodes changes with increasing energy. 


Thinking it Through: For atomic and molecular systems, the energy increases as the number of nodes increases. 
This effect is seen in atomic systems with increasing n and /. Here we look at molecular systems. All of these 
molecular orbitals have a node in the plane of the molecule, so we are left to count nodes perpendicular to the 
molecular plane. The wave function ® , has 3 nodes perpendicular to the plane; ® 2 has zero; ®; has 1; and ®, 


has 2. The energy ordering of these wave functions is then D,<®3;<@®,4<®,; so that ®, is the highest energy 
and response (A) is the correct response. 


Which expression is the best choice for the spatial part of a molecular orbital wave function for the 
ground state for H2? (y for the 1s atomic orbital of atom A containing electron one is written as 


Isa(1).) 


(A) Is, (1)1s, (2) +15, (1)1s, (2) 
© ls, (1)ls, (2)Is, (1)1s, (2) 


(B) Is, (1) 1s, (2)-Is, (1) 1s, (2) 
D) [1s, (1) +15, (1) ][1s, (2)+ 1s; (2)] 


LCAO wave function for H2. a 


Knowledge Required: Form of the 


Thinking ; : wg 
as fico it Through: The ground state wave function has an asymmetric spin part; which eliminates response (B) 
ditions @ Response (C) is also incorrect by having the incorrect form with multiplication of two wave 
Or eac 


Covalent onl h electron. Response (D) includes both covalent and ionic terms, so it is incorrect. Thus the 
on'y expression given by response (A) is correct. 
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Molecular Orbital Theory 


Because the nuclear motions are much ane those of the electron, the molecu} 

ne otion can be solved by assuming that the nucle; ar Scop 
ecpuntion for the electron m Mele are at fixes loa tings 
This is Allon: 


(A) the Born-Oppenheimer approximation. (B) the time 


-dependent Schrödin, 


(C)  Russell-Saunders coupling. (D) the variation Method, SET eq 


ation | 


pree Required: The meanings and application of the various terms. ~~ > 
> 

| Thinking it Through: The Bom-Oppenheimer approximation separates nuclear 

| the correct response is response (A). Response (B) is a correct theory name but describes the 

| the wave function. Response (C) describes the coupling between orbital and S 


: À and spin angular mo 
incorrect. Response (D) is related to performing calculations and is thus incorrect, 


and electronic 


tion: and 
A , th z 
t u 
Ime de n Ence of 
mentum and js thy 


MO-9, For the x electrons in a polymethine dye having this formula, 


the simple Hiickel molecular orbital method has the secular tN=c’ 
determinant equal to 


Knowledge Required: The form of ‘the Hückel wave functions. 


Thinking it Through: A Hückel w 


ave function has x along the 
are 1; with all the other being 0. T 


diagonal elements connec 
hus the correct form corresp 


onds to response (A). 


ting to neighbor atoms 


MO-10. A molecular orbital of ethylene is shown. This orbital is 


(A) Ty. (B) Ty. 


O o (D) 
Knowledge Required: Orbital designations within bonds and their shapes. 


Thinking it Through: The orbital is a n orbital because it extends a 
There is a center of symmetry makin 


bove and below the plane of the molecule. 
8 this a gerade (g) orbital, Th 


us the correct response is response (A). 
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e Questions 


orbital theory, which 


lecular 


B) Be ia 


may be descr ; : 
i (1s0,) (1s0,) (2s0,) 
6, (270,) ( 


t denotes an antibonding orbital. The 


uld therefore be 


(B) 2 (Cc) 3/2) 5/2 
bitals 

. orams represent the x molecular or 

A eae diene formed from linear 


' s-buta : 
of ‘ vinations of the carbon p orbitals. The 
gebraic sign of the p orbital is indicated by 

o 


; i bital is the lowest 
ding. Which molecular or 

uoi molecular orbital (LUMO) of 
ans-butadiene which has 4 7 electrons? 


(A) Q l | (B) 


4, The highest occupied molecular orbital for 
benzene with 6 z electrons is best described by 


which figure? 


(A) K ' (B) 


©) 


5. Which molecule has a bond order which is 
different from the others? 


(A) NO (B) Oʻ 
(©) N” (D) CO” 


Scanned by CamScanner 


Molecular Orbital Theo 


6. The Cr, molecule has a bond length of 
0.16 nm. What is the bond order? 


(A) 0 (B) | (C) 3 (D) 6 


7. The ground state of the NO molecule is a "1 
state. What is the electron configuration for 
this state? 


(A) ...307 In! In"! 30” 
(B) ...307 In’ In’? 30" 
(C) ...30° In In? 30” 
(D) ...307 In? In’? 30” 


8. Distinguishing features of a o` orbital 
compared to a o orbital include 


(A) both are delocalized. 


(B) both have nodal planes perpendicular to 
the bond axis. 


(C) both have cylindrical symmetry about the 
bond axis. 


(D) the antibonding orbital is asymmetric 
about the bond axis. 


9. You have just obtained the photoelectron 
spectrum of Oz. When compared with the 
vibrational frequency of the Oz precursor, the 
vibrational frequency of the resulting 0," is 


(B) less. 
(D) unpredictable. 


(A) greater. 
(C) the same. 

10. Which molecule will have the highest first 
ionization energy? 


(A) C2 (B) M2 (C) NO (D) O 


-—weww “UCOUUlTIS 


1A 


CA<vo 
Wis rics 


GUUAM 
saw 
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ll etn 7 


ociate 
araerpinning observed spectra. 


across the closely spaced rotational states and the degeneracy of the angular moment 


um states. 


Vibrations for diatomic molecules are detected in the IR region. A force 
constant directly proportional to the bond tightness characterizes all bonds. 
Rotational transitions accompany vibrational transitions. They are seen as 
fine structure under higher resolution. One can also see additional fine 
structure due to the presence of atomic isotopes or the presence of a magnetic 
field. Selection rules tell us that a vibrational transition can only occur when 
the change in quantum number between two States, Av is+1. Simultaneously 


the change in quantum number for rotational states associated with the two 
vibrational states is restricted to AJ = +1. This produces two branches in the 
typical IR spectrum: an R branch with AJ = +1 and a P branch with AJ = -1. 
The lines in the spectrum are nearly equally spaced on either side of the Q 
branch. There is no Q branch unless AJ= 0. A non-zero transition moment must exist for a line to appear in a 
i spectrum. 


Molecules also show spectra that appear in the visible or ultraviolet region arising from transitions between 
electronic quantum states. Each electronic transition is accompanied by vibrational and rotational transitions. Each 
has its own selection rules determined by a non-zero transition moment that is governed by the symmetry of the 

i electronic state. Each electronic state has its own potential energy curve characterized by Vo» De and Do. One can 
see a progression corresponding to transitions from v" = 0 to v' =0, 1, 2, 3... or a series of lines with Av =0, i.e. 
v"=050'=0,v"=lov'=1 ... depending on the change in internuclear distances of the two electronic states. 
The intensity of the lines is determined by Franck-Condon factors which are proportional to the product, or overlap, 
of the wave functions in the ground and excited states. There are selection rules that govern electronic atti 
of atoms, AL = +1, AS = 0, and AJ = 0, +1, where L is the orbital angular momentum quantum PERA is H E 

> $ 3 kd . oo 
total spin quantum number, and J is the total angular momentum number. Allowed groans iene ee 
D, and D + F. Forbidden transitions include S + S (AL = 0) and S > D (AL Be As pact are dieto i 
the selection rules break down and atomic spectra become more complex as weak lines app 
forbidden transitions. 


Raman spectra consist of sets of lines due to an exchange of RE A A e ara ginal 
exciting frequency during the scattering of the incident beam. Most oft é oes ecard lower REGUS 
frequency. Some is scattered at higher frequencies (anti-Stokes lines) > mi S eia 
(Stokes lines). Stokes lines are typically more intense than u ekeit frequency because of the larger 
the exciting frequency while vibrational Raman lines lie further from ; e Sedan oeei] lines, the iode ot 
energy gap between the two vibrational states. For a molecule to Tr raian Ae 
vibration must be polarizable by the electric field of the incident ra e T active bit not both, 
symmetry will have vibrational frequencies that are either Raman ac 
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Spectral Properties ——— Ea cesta 
Study Questions 


absorption line 


is typically determined by 


The intensity of an 
(A) the wavelength of the transition. 

(B) the value of the transition moment integral. 
(©) only the lifetime of the final state. 


(D) 


only the population of the final state. 


various spectral types. Appearance of a line requires that the transition moment a ssc p- selection rules 
for various types of transitions between quantum states. For transitions bi e A o m states the 
Franck-Condon Principle, that the transition integral be non-Zero, applies and ne : e in aad of a peak. 
The transition integral depends on the overlap between the vibrational wave functions of the excited and the 
ground states. The greater the overlap the more intense is the observed peak. 


Thinking it Through: Although the wavelength of the incident light can be matched precisely to the energy 
difference between two quantum states, there will be no transition and no spectral peak unless the transition 
moment is non-zero. Thus response (A) is incorrect. Response (C) would be correct for fluorescence but even 
then the transition moment must be non-zero. We might also consider response (D) because a state must be 
populated in order for it to interact with an electric field and show a transition to i 
the population of the initial state controls the probability of a transition, the population of the final state is 


immaterial. However, even a very populated state will not give a spectral peak if the transition moment is zero. 
Response (D) is incorrect. The correct answer is response (B). 


a higher state. In any case only 


SP-2. 


Transitions that represent only changes in rotational energy appear in which spectral range? 
(A) Microwave (B) Infrared (C) Visible 
Knowledge Required: That each s 


spacing between quantum states 
microwave, IR, and UV- 


(D) X-ray 


pectral region represents an energy range and that the relative magnitudes for 


are rotational < vibrational < electronic respectively corresponding to the 
vis regions of the electromagnetic spectrum respectively. 


Thinking it Through: Response (D) is incorrect because X-rays are very energetic and can ionize atoms and eject 
electrons from the inner shell of an atom or molecule. Response (C) is incorrect because this is the energy range 
for exciting a molecule from one electronic state to another. Response (B) is incorrect because this is the 
frequency range that matches the AE between vibrational quantum states. Response (A) is correct. This 
fr € matches the energy level separation between the rotational states of a molecule. l 


It arises from a rotational transition. 


It arises from a vibrational transition. 


It arises from an electronic transition, 


| 
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enn oe 


-Know roughly the wavelengths of the various spectral regions, eg. IR is from 200 to 
culate the frequency of the transition produced by the incident beam. That the 
sition from an energy level given by the difference between the frequency of the 


cy of the observed spectral peak. 


| peme 
_—— 

| gge Require’: 
| K onl Rew red Koo 
| ` oat line is yi A = 
| Arved 
| incident light and 

rough: First compute the AE between the incident beam and the observed spectral line. This is 
l 


qhinking it Th “| 
=773 cm . The frequency computed for this line is in the IR 


givenby ¥= 3370x107 m 339.7x10° m 
| ion. Thus response (A) is not correct. Response (B) is not correct because the molecule has no dipole moment 
region. 


| d thus there would be no rotational transitions allowed. Response (D) is incorrect because the observed line 
als in the IR region and and electronic transitions generally fall in the UV-vis region. Response (C) is correct 
| because the frequency of the observed line corresponds to a AE, for the energy difference between two 


vibrational states. 


| . 
Mal 


The figure represents a medium resolution UV— 
| vis absorption spectrum of I,(g) at 70 °C. The 

structure of the absorption band is due to 
transitions from 


the lowest vibrational level of the ground electronic state to several vibrational levels of 


several excited electronic states. 
the lowest vibrational level of the ground electronic state to several vibrational levels of a 


(A) 


(B) 


single excited electronic state. 


several vibrational levels of the ground electronic state to several vibrational levels of a 


| (C) 
| single excited electronic state. 

(D) several vibrational levels of the ground electronic state to the lowest vibrational level of a 
single excited electronic state. 


Knowledge Required: The visible region corresponds to transitions between electronic states of a molecule. In a 
medium resolution UV-vis absorption spectrum one sees fine structure arising from vertical transitions from the 
. 25, 26, 27 ... vibrational states of 


v" =0, 1, 2 vibrational states of the ground electronic state to higher, v' = 


the excited electronic state. 
Thinking it Through: The figure shows a series of spectral lines characteristic ofa UV-vis spectrum for l from 
multiple vibrational levels of the ground state to multiple vibrational levels in the excited state. We can eliminate 
response (A) because it says that all peaks are due to transitions that originate at v" = 0. Response (B) also 
d states and this too is incorrect. Likewise response (D) is incorrect. The series 
ational states of the excited state. Response (C) is 


discusses several different excite $ 
of lines in a progression are due to excitation to the several vibr: 


the correct answer. 
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Spectral Properties en aR oe 


} “the potential 
For a diatomic molecule a part oF the aie 
energy diagram is shown with the app 
» i ag i i ar] i J 
yè curves superimposed on the lines indicating 


SP 


the energy values for states. Which A m 
transitions would have the highest prot > y 
according to the Franck-Condon principle? 


(A) ESA (B) E> B (C) EC 


electronics 
bability density sa 
the Breatest Overlap 


Thinking it Through: The figure shows the potential energy curves for two different electronic states ofa 
molecule. The ground state appears to the right and below the excited state. Only the v"=0 wave funct 
ground state, labeled E, is shown since this would be the most populated vibrational state at room 
The Franck-Condon Principle says that the transitions to excited state vibrat 


á ion ofthe 
e 

lonal levels are Vertical meee 
atoms in the molecule do not move during a transition. ; Consequently the most intense line would be given bk 
greatest overlap between the ground state v" = 0 function and one of the excited state’s Probability densities P 
Examine the figure and draw a vertical transition line up from the maximum in the ground state function, 
Although the image is difficult to use the greatest overlap would occur between the ground state Ẹ and the excited 
state at vibrational level D. The correct response is thus (D 


What is the correct ordering for typical gaps between adjacent energy levels? 
(A) AE ctectronic > AE vibrational > AE rotational > AE nuclear spin 

(B) AE ctectronie > AE nuclear spin > AE yibrationay > A 
(C) AB nuctear spin > AE ectronic > AE sotationay > AE vibrational 
(D) AB nuctear sin > AE rotations > AE ctectroing > AE; 


E rotational 


brational 


° ` ize of the energy level separations for cach yoe sta GR 
Knowledge Required: The size of the energy level Separations for each type of quantum state transition. It doesn’t 
take much 


energy to change the nuclear spin. Rotational energy levels are more widely spaced than nuclear spin 
states. The next largest are vibrational spacings and the largest are electronic spacings. 


Which transition is allowed in the normal electronic emissio 
(A) 254 Is (B) 


n spectrum of an atom? 


2s > 3p (C) 3d > 2p (D) Sd > 2s 
a 
— 
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gel! vg that govern electronic transitions of atoms are AL 


Spectral Properties 


ve electronic transitions between energy levels of atoms. 


11, AS = 0, and 


state is 0; AL is 0 and this transition is not allowed. In response (B), L 


Taree (AY AL is +1 and the transition is allowed. However this is an absorption 


veh state T x the correct answer. In response (C) we have a value of AL 

3 d! meL Br tion rule Response (C) 1$ the correct answer. Response (D 
l f c eC : . n . 

ý t satisfy the selection rule because AL = -2. 


tween two states with wavefunctions y, and y, 


ition be . : an | 
W in the x direction if the dipole transition integral 
with po 


w isi. (B) is 0. (C) is non-zero. (D) 


| iradi THe intensity of a transition between two states is proportional to th 
edge eq : 
“nowle 


she transition integral, | lv; XW, dj ' 


—— — 


value of 


aral peak would be observed. Response (D) is also incorrect because the real number set 


spectral line. 


Which spectrum depends for its existence on the polarizability of a molecule? 


is said to be electric-dipole allowed 


and negative numbers including zero. An observed transition cannot have a zero transition integral. Since the 
only constraint on the transition integral for an observed transition must be that it is non-zero, response (C) is 
corect. The square of any non-zero number is a positive number and this fits the requirement for an observed 


(A) Microwave (B) Raman (©) Infrared (D) Ultraviolet 


1. This corresponds 
) is incorrect because 


is real. 


e square of the absolute 


_ sing it Through: Since the intensity is proportional to the square of the transition integral, then any non-zero 
a the transition integral will result in an observed spectral peak. Response (A) is incorrect because it gives 
ise value for the integral. Response (B) is incorrect because if the transition integral were zero then no 
only 


includes all positive 


electromagnetic spectrum. 


ee it Through: Selection rules are determined by evaluation of transit 
the dipole moment or polarizability of a bond in a diatomic molec 


incor i : ae F 
ect. In order for a line to appear in the IR, the mode of vibration must have a changing 


th 
us CO, has two observable IR modes. Thus response (C) is also incorrect. Spectra 


he ground and exci 


Which one of the following molecules does NOT absorb in the infrared? 
(A) | 
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Knowledge Required: The general rules governing the appearance of spectra in the various parts of the — 


ion moments which in turn depend on 
ule or mode of vibration in a polyatomic 
have a dipole moment. Thus response (A) is 


exampl ai 
ple, CO; has three modes of vibration. Two of these have changing dipole moments during the vibration and 


region corre : = ie incorre appearing in the UV-vis 
spond to electronic transitions with different charge distributions for each state connected by the 


ends on the overlap of wave functions in 
), the redistribution of electrons in the 


(B) CCl, (C) NH, (D) HI 


dipole moment. For 


ted states. The correct 


tt, 
an 


Spectral Proper ties 


Required: Gross select! | 

i i 
selection rule for v 
he transition. 


Knowledge 


e sS 
Thinking It Through: The gr 


ing t 
changing dipole molecule during 


thus they 
ipole momen asyn 
as a dipole on transition, t 


tric modes of 


‘ah certain asymme 


Practice Questions 


1. The most intense 
transition for the 
UV-vis spectrum 
of a diatomic f c 
molecule for v4 

which the two 
electronic 
potential energy 
curves are shown 
here is 


(A) v"=0 > v'=0 
(B) v"=0 > v'=2 
(C) v"=0 > v'=4 
(D) v"=0 > v'=6 
2. Which transition is forbidden under the 
selection rules for electric dipole radiation in 


the rigid rotor — harmonic oscillator 
approximation? 


(A) N molecule, rotational transition from 
] J=1t0J=2, Av =0 
} 


(B) HF molecule, rotational tra 


nsition from 
J=] to J=2, Av =0 


(C) N; molecule, vibrational Raman transition 
from v =0to y = l 


(D) N, molecule, electronic t 


AA ransition from the 
Z; state toa ! TI, state 


3. Which energy is the largest? 
(A) The ty 


kat Pical energy of a single covalent 


(B) The typical energy of a double bond 
Cc T . . . 
| (C) The rotational barrier in C,H. 


(D) The ionization energy of a hydrogen ato 
m. 
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Tion rules for infrared ( 


i ect. 
hus response (A) is corr 


vibrational) transitions. 


itions is the e molecule must have , 
i transitions is that the mo ave a 
B eset (C) and (D) sa molecules kd a di 
4 oes no dipole moment, but will 

R B) (CC es not have a ! , but 
infrared. Response b at will thus have an infrared transition, | 

i n 5 ibrati 
will absorb in the ! vi 


pole Mome 
Experience 
2 can not 


4. How many of the fundamental vibra 


l tional 
modes of the non-linear SO, molecu 


ae le are IR 
active? 

(A) none (B) one 

(C) two (D) all 


5. Given that the energy of an electron in a 
hydrogen atom is —R,, /n’ , the energy of the 


photon that can excite an electron from the 
ground state to the first excited state is 


(A) (3/4)R, (B) R, 


(©) (1/4)R, (D) (5/4)R, 


6. In the harmonic oscillator approximation only a 
single line appears in the absorption Spectrum 
for common molecules. Reason(s) for this 
include 

(A) the energy levels are equally spaced. 
(B) the selection rule is Av =+], 


(C) the molecule has a chan 


ging dipole 
moment. 


(D) all of the above. 


7, The O atom has several emission features. 
Which will have the longest lifetime? 


(A) 2p''D > 2p! 3p 
(B) 2p‘'s _, 2p* °P 
(C) 2p'3p *P > 2p43p 
(D) 27°35 3p _, 2p 3p 


nt; 
a 


Spectral Properties 


sion features. 


pas $ ) 
ne? have the jowest frequency 
$ wnich 4 3p 
Ip 2 2 
(A) ieas ap" 3p 
() 3p op’ 3p 
© ap 2P 43 
sa IP > 2P P 
radical is planar. Which mode is not 
9 d active? 
h (B) E 
(A) ; i 
AN 
' AEN? B E 
H Y H 
o 4 © <1 
yN A 
a” Na U zu 
19. Which has the longest lifetime? 
(A) electronic fluorescence 


(B) electronic absorption 
(C) intersystem crossing 


(D) vibrational emission 
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Spectral Properties 
Answers to Study Questions 
B 5. D 
à . A 
ie 8. C 
Answers to Practice Questions 
1. D 5. A 
2A 6D 
3.D A 
4.D PA 
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Advanced Topics: 


glectronic Structure Theor 
Spectroscopy pend 


x solutions MSS elude he chemist, useful approximate methods to fi 
On oe meme’ ` as eis theorem are two approaches tat aeania have been 
A > a onian as the s P wines: MIAN RAVE ATO aa 
rturbation to the known S oe The a a Hamiltonian for lo oe utility in 
) : energy and wave function of the aah Kon 
ed system 


3 pecturdatt 
gure aon th 
eee". Pert yrdanen H 

git. 
mal aorrection OF PS 
yi > ee 
3 aa power series In terms 0 


Š yee 


f the unperturbed solutions, {wrt . The series are typi 
rder correction to the energy is cial ahaa 
E = fy Ary de 
on for the È energy to first order would be 
E = EV +E” = EV+ fy’ H'y"dt 
e function is somewhat more involved, since it often involves the infinite sum 


a Set O 
„maji n. The test O 


=m 


wi perturbation approximatl 


Finding the perturbed first order wav 
EW fè E® m 


tage that it may be generally applied to excited states, and so is of particular use 


Perurbation theory has the advan 


in spectroscopy: 
hes begin by constructing a trial wave function that satisfies the boundary conditions of the 
used and an estimate to the energy is given by 


E 2 forar HỌ rard > E 
varational — a ER e 
fora PradT 


g the general requireme 
for the problem has bee 
nergy. The energy ¢ 
loser the solution is 
on of that form can 
inear variation theory ¢ 


Variational approac 
problem. The full Hamiltonian is 


exact 


nts for wave functions, such as 

n used, the variational estimate for 
an thus be used as a measure of the F 
to the exact value. If the trial wave 

be found by determining the 

reates a trial wave function 


te trial wave function satisfyin 
normalizability, and meeting the boundary conditions 
the energy is guaranteed to be an upper bound to the exact e 
quality of the trial wave function, the lower the energy, the c 
function includes an adjustable parameter, the best wave functi 
value of the parameter that minimizes the variational energy- L 


from a linear combination of appropriate functions, €.8. 
Pra = LIM = 19 


I 
y be applied to ground states. 
es a wide variety of quantum mechanica 
mechanics. A passing familiarity W! 
s is required for modern chemists. 


As long as an appropria 


+C,9 + constant 


ructure theories, as 


| electronic st 
inciples behind 


Generally, variation theory can onl 
Computational chemistry encompass he basic pr 
well as important methods based on classical he 


each method as well as the associate acronym 
ic oscillator model, MM uses classical 


etry. Searching for the geometry 


ce fields have been 


MM (Molecular Mec 
atom y 


mechanics for computing the energy ¢ 
that gives the lowest energy yields a prediction of th k 
designed for different classes of molecules. A force field is defined by a s¢t h “ponds specified 
form of the equation used to csti MM description n the a 
\ cannot describe bond- making 0 
depends on the quality of the force 
parameterize (choose the force consta 


mate the energy: ! 

sses. The quality of a $ 
imately on t 

As naid. MM methods are extre 


r breaking proce 
field used, an 
nts) in the force 
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Hieetranic Niru 1 wv | \ 4 OSC | y 
> n ` 
` ch rv “Ory we TOSCOpy) 


ies), MD uses Newton's equations of motion to solve for the trajecto 
ar ome of each atom) over time, The energy can be determing using 
OF sa of molecules (the patie M a combination of both, MD is restricted to short t ime Scales De 
KSPR APT the types of processes that can be modeled, ally 
Woseoands }, a ` 
j we ) theory, Semi-empirical methods range from the Sort that can be done by ; 
Se miempirical se ue theory) to those requiring large computing resources, The coy 
student on a napkin (Hite e some contributions to the electronic structure (such as NON-valence Clectrons „ 1" thes 
sca a ADNE er ae ah id parameterize other contributions to experimental data, The more 5 a 
Gverhip pete ig sahara m : w ich quality results. The introduction of experimental data into hee 
ipa a arain, but in practice, the energies are upper bounds to the 
means s technically 


i 
Methog 
true CNergy, 
b initio methods. 4b initio methods do not rely on any experimental information other than the y 
cane constants such as Planck’s constant. A word of warning, ab initio methods do NOt necesga 
better results for a given system than HF and DFT are both ab initio methods. 


ap 
MON thre, 


alues of the 
rily Produce 


correlated moveme 
this electron correlation energy, 


iati e an example of practical quantum 
mechanics. The potential for lasing behavior was first predicted theoretically, Lasers can be made from many 
different materials The schematic for a basic laser is shown below 
pump source 


100% reflective mirror 


partially reflective mirror 
The lasing medium is confined in 


i N IS 1 the cavity, The Pump source excites the target molecule or atom in the cavity, 
creating a population inversion, As molecules ret fi 


etum from the excited state, some of the emitted light is reflected 
back through the medium, stimulating further emission. The stimulated emissions are in phase with the light waves 
already reflecting inside the cavity, A coherent beam of li 
mirror. Lasers are a standar 


a ight is produced, exiting through the partially reflecting 
d tool for SPectroscopists, 
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stu dy Questor 


to the variation principle, an improved approximate wave function is obtained by 
ing ‘ 
minimizing the electron density. (B) 


maximizing the electron density, 


oi minimizing the energy. (D) maximizing the energy, 
( 


+ Through: The variational theorem states that the energy of any appropriately chosen wave function is 
inking !! T fits the energy for the exact wave function. A frequently chosen definition of the quality of the 
always greater t how close the predicted variational energy comes to the exact energy. Though the exact energy is 
wave an the lower energy is guaranteed by the variational theorem to be closer to the exact answer. 
generally us ree predicted for a wave function, the better the wave function is considered to be. Response (C) 
The isen minimizing the variational energy with respect to a variable parameter will lead to be a better 
` conect, 

aie function. 


=~ 


EST-2 In molecular mechanics studies of molecular structure, which has 


structural change in a molecule? 


the largest force constant resisting 


(A) torsion angle twist 


(B) bond angle bend 
(D) 


(C) bond length stretch 


change in position of the center of mass 


Knowledge Required: The basic terms included in a molecular mechanics force field; the relative energies of 
different modes of molecular vibrations. 


Thinking it Through: A change in position in the center of mass corresponds to translation of the molecule. 
Molecular mechanics does not consider translational motion. Response (D) is therefore incorrect. The magnitudes 
of the force constants for molecular vibrations occur in the order torsion angle twist < bond angle bend < bond 
stretch. Bond stretch 


es have the largest force constants; response (C) is correct. Note that MM force fields 
generally don’t treat torsions in terms of Hooke’s law and a force constant! 


Hartree-Fock molecular orbital calculations are said to be an 


(A) 
(©) 


“SCF” type method. SCF stands for 
(B) semi-empirically calculated functions 


(D) self-consistent field 


solutions by complex factors 


should contain f-orbitals 


Knowledge Required: Acronyms used to describe quanlam mechanical calculational methods. 
Thinking it Throu 


gh: SCF stands for self- 


consistent field. Response (D) is correct. 


The exact ground state energy of He is -79.0 eV. Using the variation method, you calculate an 


. . ies 
approximate energy to be -83.0 eV. You must have made an error because variation method energi 
must 


(A) 


lie above the ground state 
(B) be positive 

(C) 
(D) 


equal the exact ground state energy 


be at least twice the exact ground state energy 
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T 'pectroscop 
Electronic Structure Theory and Spee troscopy 
calculations, Relative energies for cal | 
A Ca cul it 
ations , 
MS ang 


ation method to real 


Application of varii 


Knowledge Required: 


true energics. 
ed through this variation theor ; 
> em which 
WY Slates 


gh: The variation method can be express ugh 
Watt Vina It 
E S Eru = 
ihme) I fv ial Wirt 
PRD and 2070 we nee that the trial energy is le 
he trial energies must be less nepatiy, sti (more 
AVE than th 
e 


Thinking Throw, 


the problem, 
g the variation theorem. 
esponse. 


Comparing the two energics given in 


negative) than the true energy violatin 
i onse (A) must be the correct r 


ce vibrational energy levels are 
on the diagram for the 
molecular potential energy curve for a diatomic 
e. From this information, the best 
frequency of the 


The first thr 
marked A, B, and C 


molecul 
estimate for the vibration 
fundamental transition is 


(B-A)/2h 


(B) (C-B)/h (© (C-A)/h (D) 


(A) (B-A)/h 
Knowledge Required: The selection rules for vibrational spec 
AE = Ay p, , where AE is a al er AOLA ectral transitions; the Bohr { frequency cc 
cate NIA E gy difference between two quantum states i pi : frequency condition, 
er transitions from the v = 0 : =U > v = | transiti ' 
= 0 state are called ov NS 
ertones. 


8 
Ishies he S l cti S e 
also be eliminated because althou h it sat f es t election rule iti not th 


EST-6 C 
i onfiguration i i 
guration interaction calculations account fi 
nt for 


A s 
(A) correlation of electron motion 


B . 
(B) correlation of nuclear motion 


( shieldin of a nucleus by inner shell electrons na molecule 


(D) the 
momentum in 
Crease of ele i 
ctrons in a molecular orbital as th 
ey approach th 
e nucleus 
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Electronic Structure Theory and S roscopy 


s calculations use 
d on the harmonic oscillator. 


chanic 
ular me 
pd classical model base 
a 


M LC AO-MO approach using hydrogenic orbitals. 
an 


" jecular orbital approach which is calibrated by experimental values. 
amo 
(9) 


ar orbital approach which uses a very large basis set but is not calibrated with 


olecul 
am tal values. 


(D) experimen 
es rar ee yer E 
>ifferentiation between calculational methods for molecules. 
i 
Molecular mechanics relies on a classical mechanics description of the forces within a 
h: = described by the harmonic oscillator model, thus response (A) is correct. The other 
tly describe other approaches to calculations on molecules. 


of one of the vibrational absorption bands for a gaseous diatomic molecule is observed 


. nsi , Š ous . . 
The intensity th increasing temperature. This transition is likely to be 


to increase WI 


vz0>0v=l v=0>v=2 v=l>v=2 v=0>v=3 


(B) (C) (D) 


(A) 


viede Required: Temperature dependence of spectroscopy. 
Thinking it T hrough: Three of the four responses involve transitions involving v = 0. The other involves v = I, 
nich is the only state which will show a significant increase in population with increasing temperature; thus 
anne (C) is correct. Note that responses (B) and (D) correspond to overtones, which should be forbidden 
under harmonic oscillator selection rules. 


For an allowed electric dipole transition between the vibrational states | and 2 for a diatomic 
molecule with the z axis along the internuclear axis, which intregal expression must be non-zero? 


EST-9. 


wo hini @ finde © [ande fu;zwsdt 


Knowledge Required: The transition moment integral for allowed spectra. 


Thinking it Through: The transition moment integral is of the form given by response (A) which is correct. 


Response (B) fails to include the 2 operator. Response (C) contains the 2 operator, which is incorrect. Response 
(D) has the same function y, in the integral. 


The molecular orbital wave function for H3 is > > ? 
: 2 2)+ 2)+ 2 l 
proportional to the function o. (Ho. (2+0. (o, (2)+ 96 (| Re! 


where ọ and y, are atomic orbitals for electrons localized on hydrogen atoms A and B, respectively. 
The set of valence bond structures appearing in this wave function is 


(A) 


H,H,, H,Hg, and H,Hg. 
HiH; and H; H4. 


H, Hp. 


(D) the set in (A) plus additional valence bond structures. 
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Knowledge Required: Nature of terms in a molecular orbital wave function, 
no ? 


Thinking it Through: The first term corresponds to both ele 


ctrons on atom 
atom 6, and then remaining terms correspond to one electro 
ta 


4, the seco 
nd te 
n on each atom, Thus reg i term to 


Practice Questions 


1. When the variation theorem is employed to 


5. The spatial Portion of th 
h E H b lecular o rh 
estimate the energy for a ey! t aie ; 2 can be expressed th 
is calculated using a trial wave unction, 9. V(1L2) =e, {1s a 
Ey is the correct energy of the ground state, ASB ~ Isp] Sa} + 
then the energy calculated using y is 


C2{ 1s, 255 — 254 lsp) + 
A) E20 (B) EzE C3 {5425p + 2s4 lsp} +4 
se F : Calsylsy +. 

(C) E= E, (D) Ex E, In the Hartree — Foc 


t k expression for the 
wavefunction for th 


e bound molecule, 
2. Which basis set will result in the Hartree-Fock 


; (A) the term containing c, dominates for 
calculation having the lowest energy? equilibrium internuclear distance the 
(A) STO-3G (B) 3-21G (B) ~=c=¢,=0, 

(C) 6-31G (D) 6-31G* (C) og, 
3. At room temperature the vibrational transition (D) the term Containing c; corresponds to an 
in HBr (gaseous) from the v = | State to the 10n1c state. 
= i i than that for i l 
a foe a ae a the v =] 6. The spatial Portion of the molecular orbitals for 
State. The primary reason for this is that Hz can be expressed as 
ar 5 ; W(1,2) = ci{ls4 lsp- lsglsa} + 
(A) the former transition is forbidden while 


the latter is allowed, C2{15q 23 — 2s41sp} + 


0 State is C3 {1542s, + 254 lsg} + 
tate. 


(C) the Boltzmann thermal distribution is 
unfavorable. 


(B) the dipole moment of the v = 
larger than that for the y = ls C4 lsalsa +... 

In the Hartree — Fock expression for the 

wavefunction for the bound molecule, 


: p ited 
: A) the terms involving c, and c; are excite 
(D) the v =0 state has more rotational states (A) ee 
than the v =] State. J Ea 
(B) the term containing c, represents an ionic 
4. For two atomic or 


bitals to combine favorably State. 


molecular orbital in a (C) the c, term isa triplet state. 
omic molecule where the z 


(D) all are correct. 


(A) Principal atom 


7. Which method of calculation is not variational? 
quantum numbers and : 
about the same energy. (A) Configuration Interaction 
(B) z components of orbital angular 


(B) DFT 
momentum and about the same energy, (C) Hartree-Fock 
(C) orbital angular momenta and about the 

Same energy. 


(D) MINDO 
(D) energies. 


BA IOO 
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Electronic Structure Theo 


ional M od is most likely to 
ich calc? anne closest to the experimenta 
e ns 


~ 
S 
Qa 
oe 
© 
oe 
Ss 
a. 
77) 
° 


ich calculation will likely take the longest 
ic 


for cyclopent 
conditions : 


(A) Hartree-Fock with 3-21G basis set 
(B) Hartree-Fock with 6-3 1G* basis set 


(C) B3LYP density functional calculation 
with 6-31G* basis set 


(D) MP2 calculation with 6-31* basis set 
10. Which model system provides molecular 


orbitals composed of the fewest number of 
atomic orbitals for a diatomic molecule? 


(A) Gaussian orbitals 

(B) H," orbitals 

(C) Slater orbitals 

(D) symmetry adapted orbitals 
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Answers to Pracuve wu~~=~:: _ 


5, B 
ne 6. D 
2. D 6. D 
ct 8. D 
4. B 
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